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I 
  
ABSTRACT 
 
 
Thin filaments, through interaction with thick filaments, form the contractile 
apparatus of striated muscle.  Therefore, the length and arrangement of the thin 
filaments are of key importance to the function of the muscle.  The thin filaments 
from adjacent sarcomeres are anchored at the Z-disc.  In 1968 Pringle predicted that 
thin filament are organised in the Z-disc in a rhomboid lattice rather than a square 
lattice.   Previous experimental evidence has been insufficient to verify Pringle’s 
suggestion.  In the A-band the thin filaments interdigitate with the thick filaments on a 
hexagonal lattice, hence from the Z-disc to the A-band, there is a transition of the 
lattice from square to hexagonal.  In this project, I have firstly used Fourier analysis 
and electron tomography to investigate the thin filament lattice in the Z-disc.  I have 
used electron tomography to determine how the lattice transition occurs between the 
Z-disc and the A-band.  Electron tomography of these samples also allowed me to 
determine the lengths of thin filaments, showing unequivocally that they are of 
variable lengths in cardiac muscle. 
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CHAPTER 1. INTRODUCTION 
 
 
 
 
 
1.1. Muscle 
 
In the animal kingdom the major contractile tissue responsible for movement is 
muscle.  This tissue can be classed into three categories corresponding to the different 
physiological roles; the striated forms, skeletal and cardiac, and the non-striated 
smooth muscle.  Owing to the essential roles including movement of limbs and 
circulation of blood, the structure and mechanism by which muscle functions has 
always been of great interest.  With advances in research throughout the last century 
and the development of new and improved high-resolution structural techniques it 
has now become a mature area of research.   
 
One of the most important developments has been the discovery of the mechanism 
by which muscle contracts. This mechanism is known as the sliding filament theory 
developed in 1954 marked by two important publications (Huxley and Niedergerke, 
1954; Huxley and Hanson, 1954).  These included combined results from the 
techniques of electron microscopy, phase contrast light microscopy and X-ray 
diffraction.  Together the results portray muscle contraction as the act of actin 
filaments sliding over myosin filaments through the interaction of myosin S1 heads 
with individual actin molecules.   Since the development of this model, the 
understanding of the biochemical processes underlying muscle contraction have 
become much better understood.  The other important discoveries are that myosin is 
an ATPase and that Ca2+ is important in contraction through its interaction with the 
actomyosin regulatory troponin/tropomyosin complex (Bremel and Weber, 1972; 
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Ebashi and Ebashi, 1964; Otsuki et al., 1967).  With this and the four known main 
muscle structural states identified to date a comprehensive cross-bridge cycle model 
can be described (Lymn and Taylor, 1971). 
 
 
Electron microscopy has been an essential tool for observing the structure and 
conformational states of the individual muscle components and in understanding how 
muscle contracts in relation to the known biochemical interactions. It has been 
extensively used over the years but now with the recent development in 3-D 
reconstruction techniques and cryo-electron microscopy the importance of the 
technique for further advances has been realised.  Higher resolution structures allow 
us to observe muscle in ways which were not previously possible.  Recently, using 
single particle analysis, Paul et al (2009) showed that the troponin complex in the thin 
filament has a reversed polarity compared to the widely accepted model.  With the 
discovery of the two giant sarcomeric proteins, titin (~2970-3700 kDa) and nebulin 
(~800 kDa), 3-D reconstruction techniques may help to improve our understanding of 
how they function.  The larger of the two proteins, titin, extends from the Z-disc to the 
centre of the sarcomere.  It has been found to be highly elastic and is involved in 
muscle contraction by centralising the A-band and producing passive tension (Labeit et 
al., 1990; Wang et al., 2001).  Nebulin binds to actin and is thought to act as a ruler 
controlling the length of the actin filaments (Kruger et al., 1991). 
 
 
This chapter describes in detail the organisation, structure and molecular composition 
of the sarcomere in striated muscle. 
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1.1.1. Striated Muscle  
The two types of striated muscle, cardiac and skeletal, have specific differences 
tailored to their specialised physiological functions.  Cardiac muscle forms the bulk of 
the heart wall and is an involuntary type of muscle.  It is formed from individual 
cardiac myocytes each with a length up to 130μm and a width up to 30μm.   
Intercalated discs link these cells forming complex adhering structures consisting of 
gap junctions allowing an action potential to spread between the cardiac myocytes 
(Severs, 1990).  The nuclei are located in the interior of the cardiac myocytes.  Skeletal 
muscle is attached to bone and is a voluntary muscle permitting movement of specific 
parts of an animal.  It is made up of muscle fibres which are unusually large cells 
formed from fused precursor cells.  Unlike cardiac muscle there are known to be two 
types of muscle, slow (type I) and fast (type II A and II B) skeletal muscle fibres.  The 
nuclei in skeletal muscle are located in the periphery just under the plasma 
membrane.  Both skeletal and cardiac muscles are formed from striated myofibrils 
consisting of filament arrays made up of repeating sarcomere units as shown in figure 
1.1.   
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Figure 1.1. Diagram showing the two types of striated muscle.  (a) Cardiac muscle with 
irregular shaped cardiomyocytes joined by intercalated discs, which are membrane 
boundaries between individual cardiac myocytes.  (b) Skeletal muscle with uniform 
shaped fibres running the entire length of the muscle.  (c) Sarcomere with the different 
banding regions.  
 
 
1.1.2. The Sarcomere 
The different regions and structures found in a sarcomere and their variability 
between skeletal and cardiac muscle are essential for muscle contraction under a 
diverse range of conditions.  The different regions of the sarcomere are illustrated in 
figure 1.2 showing filaments in a longitudinal and transverse orientation. 
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Figure 1.2.  Electron micrographs of conventionally processed cardiac muscle.  Image 
(a) shows a longitudinal view through a sarcomere.  Images (b) to (e) illustrate the 
transverse regions showing the different muscular lattice types; (b) thin filament 
pseudo square lattice Z-line, (c) thin filament I-band, (d) thick-thin filament hexagonal 
array A-band and (e) M-band showing thick filaments cross linked by M-bridges. 
 
 
There is considerable information on the molecular organisation of the structures of 
striated muscle visualised by electron microscopy as described below. 
 
 
1.1.3. I-band 
Actin containing thin filaments are the main constituents of the I-band.  The main 
component of the thin filament is actin; it forms a two stranded helical polymer  
composed of 42kD G-actin monomers (Sheterline et al., 1998).  F-actin filaments in 
vertebrate muscle have approximately 13 actin monomer in 6 turns of a left-handed 
genetic helix (13/6 helix) (Squire, 1997).  Thin filaments extend from the Z-disc, 
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through the I-band into the A-band, where they interdigitate in a hexagonal array with 
the thick filaments (figure 1.2).  The barbed end of F-actin is located in the Z-disc and 
the pointed end within the A-band.  The ends differ in terms of structure and kinetic 
attributes due to their polarity. Electron microscopy studies of serial transverse 
sections studies of the I-band have shown that actin filaments have a hexagonal lattice 
in the A-band which transforms into a square lattice towards the Z-disc.  A model for 
the transformation of the lattice was first proposed by Pringle (1968).  Based on 
geometric observations and calculations, he predicted that the Z-disc was based on a 
rhomboid with an internal angle of 81.5° rather than a square lattice (figure 1.3).  
Within this model, every thin filament transition from the A-band hexagonal lattice to 
the Z-disc square lattice is of equal distance.  Since this model was put forward in 1968 
no direct visualisation of the lattice shape or transformation has been recorded to 
date.   
 
 
 
Figure 1.3. Pringle model showing the thin filament transition from a hexagonal A-
band lattice to a rhomboid lattice. Modified from Knupp et al (2002).  
 
 
 
1.1.3.1. Thin Filament Regulation 
There is an important structural relationship between actin and the regulatory 
proteins tropomyosin and troponin in the I-band, believed to be one of the controlling 
systems in muscle contraction (figure 1.4).  The tropomyosin molecules are coiled-coil 
 
CHAPTER 1 
 
7 
 
α-helical strands that overlap with adjacent molecules and wrap around the length of 
the actin filament (Wolska and Wieczorek, 2003).  Each tropomyosin molecule 
interacts with a single troponin complex.  The troponin complex is composed of three 
different functional protein chains; the tropomyosin-binding protein troponin T, the 
troponin I inhibitor chain and the troponin C calcium binding chain.  In relaxed muscle 
troponin I positions the tropomyosin strand on the actin monomer blocking the 
myosin S1 head binding site.  Under high concentrations of Ca2+, the troponin C 
module becomes saturated inducing an allosteric structural transition repositioning 
troponin I, which in turn causes a tropomyosin shift exposing the actin subunit’s S1 
binding sites (Squire, 1981; Squire and Morris, 1998). 
 
 
Figure 1.4.  Model of the thin filament arrangement taken from Ebashi (1974).  In this 
model the Z-disc is located on the right. 
 
 
1.1.3.2. Z-disc 
The dense z-disc region is the supporting edge of the sarcomere with α-actinin linking 
the overlapping anti-parallel actin filaments to provide stability.  For muscle viewed 
longitudinally, these α-actinin links are layered with a zigzag appearance.  The number 
of the layers can vary between muscle types with fish white muscle (fast) known to 
have two and mammalian slow muscle having six layers (Luther et al., 2003; Luther 
and Squire, 2002).  There are some cases such as sonic muscle found in the swim 
bladder of the male Atlantic midshipman fish that has an abnormally large Z-disc.  It is 
approximately 1μm in length, and consists of a large number of α-actinin layers (Bass 
and Marchaterre, 1989).  Its specialised structure allows the muscle to contact and 
relax extremely rapidly, possibly faster than any other known vertebrate muscle, 
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producing high frequency sound of ~100 Hz from the swim bladder.  Very high 
numbers of α-actinin layers in the z-disc occur in diseased muscle as found in nemaline 
myopathy giving minimal or no muscle contractibility (North et al., 1997).  From their 
studies on nemaline myopathy, Morris et al (1990) proposed an α-actinin/actin 
interaction model which could be comparable to wild-type Z-disc (Figure 1.5).  They 
showed α-actinin linkages from parallel thin filaments coming into close proximity 
before interacting with thin filaments of the opposite polarity (Morris et al., 1990).  
 
 
Figure 1.5.  Model adapted from Morris et al (1990), showing the α-actinin links 
interacting with thin filaments of opposite polarity shown by + and -.  (a) Top view (b) 
Side view with +/- to show the different polarity of the thin filaments (c) The α-actinin 
link.  The red region represents the α-actinin head domain and the blue the rod 
domain. 
 
 
There are known to be two structural states of cross-sectional Z-disc found in both 
cardiac and skeletal muscle and these are shown in figure 1.6.  At rest in skeletal 
muscle, the small square lattice state is present (Schroeter et al., 1991).  When 
tetanised or under rigor, skeletal muscle exhibits a basket weave lattice (Goldstein et 
al., 1986; Goldstein et al., 1988).   In contrast to the Z-disc arrangements found in 
skeletal muscle, unstimulated cardiac muscle displays a basket weave lattice 
(Goldstein et al., 1989).  When exposed to ethylene glycol-bis (β-amino ethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA), cardiac muscle changes to give a small square lattice 
(Goldstein et al., 1989).  When comparing the Z-disc lattice types of skeletal and 
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cardiac muscle they have been found to have very similar Z-spacing  (Goldstein et al., 
1989; Goldstein et al., 1990).   Therefore it is believed that there is a constant design 
for the lattice interchange in the Z-disc for vertebrate striated muscle with minor 
structural alterations to change between the two Z-disc states (Schroeter et al., 1991). 
 
 
Figure 1.6.  The two states of the Z-disc. (a) and (b) are electron micrographs and (c) to 
(f) are diagrams of the two cross-sectional z-disc lattice types found in striated muscle 
(in each the red dotted box represents a single unit-cell).  (a) The square z-disc lattice 
of ethylene glycol-bis (β-amino ethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) treated 
rat papillary muscle, (b) Sonic muscle of the midshipman fish exhibiting a basket weave 
lattice.   (c) Diagram of the square lattice, (d) The basket weave lattice (e) α-actinin 
linkages for the small square lattice, with greater curvature than found in (f) the 
basket weave lattice.  (c) to (f) based on Schroeter et al (1991). 
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1.1.3.3. α-actinin 
α-actinin (200 kDa) is a member of the spectrin family, a group of proteins that 
contain an actin binding region composed of two calponin-homology domains.   It also 
has a region consisting of multiple spectrin repeats, which give the characteristic 
elongated shape and determine the nature of the actin linkages (Kelly et al., 2006).  In 
the Z-disc, α-actinin isoforms 2 and 3 are found, cross-linking F-actin (Sjoblom et al., 
2008).  Each α-actinin monomer is made up of three regions as shown in figure 1.7.  
Two anti-parallel monomers form a homodimer (figure 1.7).  The N-terminal calponin-
homology domains (CH1 and CH2) together with the C-terminal calmodulin-homology 
(CaM) domain form the actin-binding heads (Ylanne et al., 2001).  The central rod 
domain contains four spectrin repeats determining the bridging distance between 
actin filaments as well as acting as an interaction site for signalling proteins (Sjoblom 
et al., 2008).  
 
 
Figure 1.7.  Diagram of the α-actinin anti-parallel homodimer based on Ylanne et al 
(2001).  The head region consists of the N-terminal calponin-homology domains (CH1 
and CH2) with the C-terminal calmodulin-homology (CaM) domain from the opposing 
anti-parallel monomer.  The long extended rod domain is made up of four spectrin 
repeats (R1-4) from each monomer. 
 
X-ray crystallographic studies (as shown in figure 1.8) have shown that there is a left-
handed twist from one end of the rod domain to the other (Liu et al., 2004).  This gives 
an overall 12° bend to the length of the structure.  This kink is due to spectrin repeats 
3 and 4 twisting in a left-handed direction over spectrin repeats 1 and 2 of the 
opposing α-actinin molecule (Ylanne et al., 2001). The terminal faces of the rod 
domains are rotationally ~90° apart (Sjoblom et al., 2008).  It has been proposed this 
twist stabilises the structure making it rigid and preventing any bending motion 
(Taylor and Taylor, 1993).  The concave face of the α-actinin rod domain is 
predominantly acidic and is the most probable site for peptide interaction.  Due to the 
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two-fold symmetry, there should be two peptide binding sites on the rod domain 
(Ylanne et al., 2001). 
 
 
 
Figure 1.8.  X-ray crystallography model of the alpha-actinin rod taken and adapted 
from Ylanne et al (2001).  (a) and (b) show the molecule from different angles 
highlighting the different domains:  R1, yellow; R2, red; R3, green; R4, blue.  (c) Surface 
model showing the ~90° twist between each end of the alpha-actinin rod. 
 
The rod domain forms a rigid component of the α-actinin molecule as it is tightly 
bound in the homodimer.  Therefore the flexibility that does occur within the 
molecule is found in the actin-binding head and neck regions where there is enough 
elasticity to allow α-actinin to bind to parallel (same polarity) as well as anti-parallel 
a) 
b) 
c) 
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(opposing polarity) F-actin molecules (Franzot et al., 2005; Tang et al., 2001).  In the 
head region CH1 accounts for most of the binding affinity for actin, with CH2 making 
less contribution.  There is experimental evidence for the muscle α-actinin isoform 
CH2 domain having a role as actin-binding affinity regulator through interaction with 
phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) (Fukami et al., 1992).  The region 
mapped within CH2 for this interaction has also been found to be involved in 
controlling the interaction of CaM domain with titin (Young and Gautel, 2000).  The 
binding of the titin z-repeats (ZR7) to α-actinin almost certainly occurs during 
sarcomere formation as a mechanism to help secure the titin filament in the Z-disc 
(Papa et al., 1999).   This correlates well with the observed localisation of PtdIns(4,5)P2 
to the Z-disc in neonatal rat cardiomyocytes (Young and Gautel, 2000).  As well as 
stabilising the Z-disc, α-actinin is also a vital component in muscle development. 
 
An actin filament with a 28/13 symmetry as found in insect flight muscle (Miller and 
Tregear, 1972), nemaline myopathy (Morris et al., 1990) and slow muscle Z-discs 
(Luther et al., 2002) has been found to have a Z-link (α-actinin) interaction site 
spanning every half cross-over length (38.5/2 = 19.2nm as shown in figure 1.9).  The F-
actin filaments in the I-band of vertebrate muscle exhibit a 13/6 symmetry, which 
gives a reduced cross-over length of 35.75 nm (Luther and Squire, 2002). 
 
 
Figure 1.9.  Schematic diagram of F-actin with a 28/13 symmetry (28 actin monomers 
in 13 turns of genetic helix) (Luther and Squire, 2002) .  Z-link interaction sites are 
located along the actin filament separated by half the crossover length (38.5/2 = 
19.2nm) and a rotation of 90°.  The interactions sites are highlighted by the arrows. 
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1.1.3.4. Cap-Z 
The sarcomeric isoform of Cap-Z (α1β1) is an f-actin barbed end capping protein that 
is important in F-actin formation and organisation in the Z-disc (Papa et al., 1999).  It 
binds with high affinity to the barbed ends of f-actin preventing the addition or loss of 
actin monomers.  Its interaction with α-actinin and other possible components in the 
Z-disc could help to stabilise and orient the actin filaments (dos Remedios et al., 2003).   
 
Cap-Z is a heterodimeric protein composed of tightly bound α and β subunits, with 
overall dimensions of ~90 x 50 x 55Å (Yamashita et al., 2003).  The subunits have 
strikingly high homology giving the molecule a pseudo 2-fold symmetry (as seen in 
figure 1.10).   The main differences between the sub-units are found in the flexible 
actin-binding C-terminal regions (Narita et al., 2006).  Due to the morphology of the 
subunits, when bound they only make tight van der Waals contact in the heterodimer 
form.  As the two actin monomers are related to each other by a rotation of 166° and 
translation of 27.5Å, two different binding arms (giving rise to the heterodimer) allow 
the molecule to interact with both actin monomers (Yamashita et al., 2003).  When 
interacting with f-actin, each subunit interacts with a separate f-actin monomer.  This 
could explain why Cap-Z binds only to f-actin but not to single actin monomers 
(Yamashita et al., 2003).   
 
 
 
 
Figure 1.10.  The X-ray crystallography model of Cap-Z adapted from Yamashita et al 
(2003).  (a) and (b) show different views of the Cap-Z molecule with the α and β 
subunits shown in yellow and green respectively. 
a) b) 
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1.1.4. A-band 
The A-band is where bipolar thick filaments are organised in hexagonal array.  Here 
the actin and myosin filaments overlap within the muscle sarcomere, and the myosin 
S1 heads attach and release from actin subunits under the action of ATP and Ca2+.  The 
bipolar thick filaments are composed of myosin molecules with the S1 myosin heads 
each facing outwards in an approximately helical array (figure 1.11).  This arrangement 
gives an approximately three-stranded helix, each strand possessing 9 myosin heads 
per turn, with a pitch of 1287 Å  and axial separation of head pairs of approximately 
429Å (Squire, 1997). 
 
 
 
Figure 1.11. (a) A single myosin molecule (b) The thick filament array consisting of an 
array of myosin molecules.  Figure adapted from Squire et al (2005) 
 
 
1.1.4.1. M-line 
The M-line consists of thick filaments crosslinked in a hexagonal lattice, with the 
current proposed model having M-bridges.  The M-bridges are formed by myomesin, 
M-protein and the M-band part of titin.  The myomesin link is formed from two 
antiparallel homodimer chains (Agarkova and Perriard, 2005) bound to adjacent thick 
filaments (figure 1.12).  Lange et al (2005) proposed that the dimers twist centrally 
where there is a direct interaction with titin.  From electron microscopy studies of 
longitudinal sections of striated muscle, the M-bridges appear as stripes in the M-line 
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running perpendicular to the thick filament array (figure 1.13).   Five of these major M-
line stripes of periodicity 22nm have been observed, and given the nomenclature: M6, 
M4, M1, M4’ and M6’ (Sjostrom and Squire, 1977).  Not all of them are present in 
every muscle type, and they show a direct correlation to the specific physiological 
attributes of the muscle (Pask et al., 1994).  M4 and M4’ are present in all muscles 
whereas M6 and M6’ are usually missing in fast fibres giving a three layer M-line 
(Edman et al., 1988).  Slow muscle types have been observed to have a four layer M-
line with M1 missing.  Intermediate muscle types have variations of five layers (Edman 
et al., 1988; Pask et al., 1994; Sjostrom and Squire, 1977).  The current proposed 
function for the M-line is the stabilisation of the thick filament lattice and to secure 
the titin C-terminus (Agarkova and Perriard, 2005). 
 
 
 
Figure 1.12.  A diagram of the proposed M-line complex from a transverse view.  
Myomesin is depicted with a yellow gradient, implying a curvature down into the plane 
of view from light to dark.  The myosin is shown in grey and the titin in blue.  Adapted 
from Lange et al (2005). 
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Figure 1.13.   Electron micrograph images of conventionally fixed and positively 
stained rat cardiac muscle.  (a) Longitudinal view showing the central M-line region of 
a sarcomere with the thick filaments running across and the five major M-lines 
overlaid in yellow.  (b) Transverse image of the M-line region with a group of seven 
thick filaments and the interlinking M-bridge shown in yellow. 
 
 
1.1.5. The Cross-bridge Cycle 
For contraction to occur the myosin S1 heads bind to single actin molecules within the 
actin filament and exert a force (Geeves and Holmes, 1999; Lymn and Taylor, 1971).  
Together these pull the actin filaments past the myosin filaments in a sliding motion, 
contracting the sarcomere.  Ca2+ interacting with the troponin causes a conformation 
shift in the position of the tropomyosin on the actin filament exposing sites for strong 
interaction of the myosin S1 heads (Ebashi et al., 1969).  For the generation of force 
ATP hydrolysis provides the energy for muscle contraction.  The cross-bridge cycle is 
the same for both skeletal and cardiac muscle and the mechanisms involving the 
reactants and products and the structural changes are shown in a simplified form in 
figure 1.14 (Gordon et al., 2001). 
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Figure 1.14.  A simple model of the cross-bridge cycle shown in eight steps.  For (a) 
strong binding is represented by “·” whereas weaker binding by “~”.  The following 
nomenclatures are used; A – actin, M – Myosin, Pi – inorganic phosphate and f – cross-
bridge exerting force.  (b) is a graphical depiction of the cross-bridge cycle steps shown 
in (a) with actin not interacting with myosin shown in grey, weak interactions in yellow 
and strong interactions in red.  Figure based on Gordon et al (2001)  
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1.1.6. Regulation of Thin Filament Length  
In striated muscle actin subunits at the polymer end of the thin filaments continuously 
associate and/or dissociate and this, therefore, means that a mechanism has to exist 
to control the filament length through regulation of the rate of actin polymerisation 
(Littlefield et al., 2001; Rzadzinska et al., 2004; Tyska and Mooseker, 2002).  
Experimental evidence has shown that actin monomer polymerisation at the barbed 
end of the thin filament does not regulate thin filament lengths.  This was shown by 
inhibiting CapZ capping in chick skeletal myotubes where there was little effect on thin 
filaments (Schafer et al., 1995).  Further evidence was given by inhibition of actin 
assembly at the barbed end using cytochalasin D where no effect on thin filament 
lengths was found (Littlefield et al., 2001).  These observations indicate the pointed 
end of the thin filament to be the site for regulation of filament length.  Tropomodulin 
(Tmod) has been shown to tightly cap the pointed end of thin filaments preventing 
actin monomer exchange (Fowler et al., 1993; Gregorio and Fowler, 1995; Ishiwata 
and Funatsu, 1985; Sanger et al., 1984).  Tmod is associated stoichiometrically with 
pointed ends of thin filaments and appears to control filament length, as thin 
filaments were found to be larger when expression of Tmod1 was reduced in 
cardiomyocytes.  As Tmod regulates the rate of actin monomer polymerisation, it is 
still difficult to see how it is able to determine uniform thin filaments lengths alone 
without the assistance of other protein complexes.   
 
In muscle the giant filamentous I-band protein nebulin (Mw ~800 kDa) extends over 
almost the entire length of the thin filament in skeletal muscle and it was 
hypothesised to be a ‘ruler’ protein for thin filament assembly (Labeit et al., 1991).    
With its C-terminus anchored in the Z-disc, it extends over a length of ~1μm with its N-
terminus located close to the thin filament pointed end.   The nebulin molecule is 
composed of a tandem series of actin-binding modules each spanning from one actin 
monomer across to the neighbouring monomer in the thin filament.  With each 
nebulin molecule extending across most of the thin filament in skeletal muscle, it is 
able to stabilise a large core region (Littlefield and Fowler, 2008).  Studies undertaken 
using nebulin-deficient mice have showed that nebulin regulates thin filament length 
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but with some unexpected findings (Bang et al., 2006; Witt et al., 2006).  In 1 day old 
nebulin-deficient mice the thin filaments were found to be shorter but uniform in 
length (Bang et al., 2006).  In 10 day old nebulin-deficient mice the thin filaments were 
no longer uniform showing that nebulin was necessary for maintaining thin filament 
lengths (Witt et al., 2006).  These results indicate that an underlying mechanism 
dictating the thin filament length during myofibrillogenesis is regulated independently 
of nebulin.  Over an extended period nebulin is required to maintain uniform thin 
filaments lengths.  It was found that the association of Tmod with the thin filament 
pointed ends was not affected by the absence of nebulin (Bang et al., 2006; Witt et al., 
2006).   This finding contradicts previous proposed nebulin ruler models for a unique 
high-affinity capping site.  From these findings Littlefield and Fowler (2008) proposed a 
‘composite’ model with thin filament length regulation by the point end capping 
protein Tmod independently of nebulin (Littlefield and Fowler, 2008).  As the nebulin 
filaments stabilise a large region of the thin filaments, they act by dictating the 
minimum filament length.  As nebulin does not affect the maximum length a narrow 
length distribution of thin filaments can exist. 
 
In cardiac muscle the smaller isoform of nebulin known as nebulette (107-109 kDa) is 
predominantly expressed (Moncman and Wang, 1995). Originating from its C-terminus 
in the Z-disc, nebulette does not extend as far and terminates before the thin filament 
pointed end (McElhinny et al., 2003).  Due to the size of nebulette, a different thin 
filament length control mechanism may occur within cardiac muscle (Burgoyne et al., 
2008).  This provides evidence that explains why, in contrast to skeletal muscle, 
cardiac muscle has non-uniform thin filament lengths.  This has been observed and 
measured by Robinson and Winegrad (Robinson and Winegrad, 1979) and Littlefield 
and Fowler (Littlefield and Fowler, 2002).  So far the reason for the difference in thin 
filament length control between skeletal and cardiac is not known.   
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1.1.7. The Giant Elastic Protein Titin 
The sarcomere component titin (also known as connectin) is one of the largest known 
proteins with a molecular weight of ~2970-3700 kDa (Labeit et al., 1992; Lewinter et 
al., 2007).  In humans the many skeletal and cardiac titin isoforms are encoded by a 
single gene consisting of 363 exons located on chromosome 2, in the 2q31 region 
(Tskhovrebova and Trinick, 2002).  With its N-terminus anchored in the Z-disc, titin 
extends over a length of about 1µm, spanning half a sarcomere to its C-terminus in the 
M-line, as shown in figure 1.15.  It consist mainly of tandem immunoglobulin (Ig)- like 
domains and fibronectin III (FnIII) domains with a PEVK region rich in amino acids 
proline (P), glutamate (E), valine (V) and lysine (K).   Each domain comprises about 100 
amino acids.  Electron microscopy shows that a titin molecule has a diameter of 
approximately 4nm (Tskhovrebova and Trinick, 2005).   
 
 
 
 
 
Figure 1.15. (a) Schematic muscle diagram showing the extent of the flexible titin 
filament from the Z-line to the M-line.  (b) The I-band region of titin adapted from 
Miller et al (2004) 
a) 
b) 
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When the sarcomere lengthens, titin gives rise to an opposing force (passive tension) 
(Tskhovrebova and Trinick, 2002).  This is given by the I-band region of titin forming an 
elastic filament running from near the Z-line across to the tip of the A-band.  From 
immuno-electron microscopy (Linke et al., 1999) and optical trap studies (Kellermayer 
et al., 1998) it has been shown that this ‘loose’ chain extends under normal muscle 
tension, with evidence of full or partial unfolding of subunits under higher levels of 
tension.  These experiments show that I-band titin is essential for muscle elasticity and 
centralising the A-band (Horowits et al., 1986).  In contrast, in the A-band and close to 
the Z-line where there is titin-actin interaction, titin is inflexible and rigid.  The location 
of the titin filaments throughout the half sarcomere indicates a possible role within 
muscle formation, acting as a sarcomere scaffold on which components are able to 
build (Boateng and Goldspink, 2008). 
 
In mammalian heart there are two titin isoforms known as N2B and N2BA which have 
different elastic properties within the I-band region.  They are created from the same 
titin gene through differential splicing (Cazorla et al., 2000).  363 exons are found 
within the titin gene, splicing of exons 49/50 to exon 219 results in the N2B isoform.  
The expression of the additional exon 49 (N2B element), and 102 to 109 (N2A 
element) gives N2BA titin (Granzier and Labeit, 2004).  While all skeletal muscle 
contains the N2A element, cardiac muscle can express both isoforms.  The N2BA form 
contains both N2A and N2B elements as well as an extended PEVK unit and extra 
varying Ig elements (figure 1.16).  Due to the additional spring elements, the N2BA 
isoform is a less stiff but has a shorter sarcomere extension, fitting with the observed 
correlation that rodents have almost exclusively N2B isoform.  Large mammals have a 
much higher ratio of N2BA to N2B, as a large heart requires more flexibility under 
higher diastolic and systolic pressure (Helmes et al., 1996).  Studies of a range of 
cardiac disorders have also shown an increase in the ratio of titin N2BA in comparison 
to N2B (Wu et al., 2002), perhaps a compensational response to decreased muscle 
stiffness.   
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Figure 1.16.  The two varying cardiac titin isoforms showing the central I-band region 
where differential splicing leads to differing sequences. The Z-disc side of the titin 
isoforms is on the right.  Modified from Wu et al (2002).  
 
 
Due to its highly important function, mutations or changes in the expression of titin 
lead to heart disease.   Some mutations in titin reduce the binding affinity for ligands 
or the effect of the bound ligands, which has been implicated in a patient with 
diastolic heart failure (DHF) (Ouzounian et al., 2008).  Upon application of DHF cardiac 
myocytes with protein kinase A (PKA) which is known to phosphorylate the N2B region 
of titin (Kruger and Linke, 2006), the cardiac muscular stiffness was shown to be 
restored (Borbely et al., 2005).  Some mutations such as those causing dilated 
cardiomyopathy have been found to affect the binding affinity of titin to Z-disc 
proteins such as T-cap/telethonin and α-actinin (Itoh-Satoh et al., 2002).  With the 
large range of titin mutations involved, molecular models and mechanisms need to be 
developed to understand the different structural alterations and effects on passive 
stiffness of these mutations. 
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1.2. The Transmission Electron Microscope 
 
In 1931, the first electron microscope was developed by the German engineers Ernst 
Ruska and Max Knoll.  Although crude in comparison with today’s electron 
microscopes, the main principles have not changed.  A cathode at the top produces a 
steady stream of electrons accelerated through a large column under vacuum.  The 
electrons are focused by a series of electromagnetic lenses, and they travel through 
the specimen onto a fluorescent screen or to a CCD (charged coupling device) detector 
or film where an image is formed (figure 1.17). 
 
 
Figure 1.17. A diagram of an electron microscope with the different lenses and 
apertures.   
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1.2.1. Image Formation 
   As the beam passes through the specimen there are three possible outcomes for the 
electrons.  Some electrons will be undeflected, passing all the way though the 
specimen with no interaction with any of the solid atoms.  Other electrons will be 
deflected with no energy loss (elastic scattering).  The third possible outcome is the 
loss of significant energy with probable deflection (inelastic scattering).  Due to energy 
transfer this type of scattering can result in excitement of secondary electrons or X-
rays.  This can lead to multiple electron scattering and potential specimen damage 
(Chescoe and Goodhew, 1984).   If all of the electrons mentioned above were to pass 
though the sample to the fluorescent screen or detector, different regions of the 
specimen would appear to be the same in the image.  There would be no contrast as 
there would appear to be no difference between the area of low and high material 
density.  To give contrast the scattered electrons need to be separated from the non-
scattered electrons using the objective lens aperture as shown in figure 1.18.  The 
aperture is a small hole allowing through only electrons which undergo no deflection 
or are deflected through a small angle.  The brightness of a region within an image is 
proportional to the number of unscattered electrons which pass through the aperture. 
 
 
Figure 1.18.  The objective aperture is a very small hole that selectively allows 
electrons to pass through based on their refraction angle. 
 
 
Due to the nature of the electrons being transmitted through the specimen, there is 
no depth resolution in the images, and a two dimensional representation results, as 
shown in figure 1.19.  Transmission electron microscopy takes advantage of the 3D 
information present in 2D images using mathematical and physical calculations to 
create 3D reconstructions, where structural detail and motifs can also be studied.   
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Figure 1.19.  Diagram showing how a simple 3-D object is viewed as a 2-D projection in 
the obtainable electron microscope image. 
 
 
1.2.1.1. Contrast Transfer Function 
The image projections obtained from an electron microscope are a function of the 
original object’s electrostatic potential and the contrast transfer function (CTF).  The 
CTF for 3-D electron microscopy is the frequency domain equivalent of the spatial 
point spread function (PSF). The CTF describes the imaging conditions and the 
microscope properties giving rise to the image/contrast distortion in the images 
acquired.  This includes the phase and amplitude contrast information.  In the image 
projection the elastic scattering interaction of electrons with the specimen are given 
as a phase shift which is affected by lens aberration and defocus.  Amplitude contrast 
in an image projection is a result of the loss of elastically scattered electrons either 
through removal by the aperture or by inelastic scattering (Frank, 2006b).  To 
maximise the attainable resolution for an image projection computational CTF 
correction can be applied.  This involves modifying the phase and amplitude 
components of the CFT as this information fails to be conveyed correctly from the 
object to the image projection.  Defocus pairs are usually used to fill in the CTF ‘zeros’ 
along with Wiener filtering and phase flipping (Fernandez et al., 2006; Zhu et al., 
1997).  A plot of the CTF function for a LaB6 and a field emission gun are compared in 
figure 1.20. 
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Figure 1.20. Theoretical CTF comparisons between (a) a LaB6 and (b) a FEG microscope 
at 200kv high tension with a defocus of 500 nm. This figure was obtained from the 
internet site http://stahlberglab.ucdavis.edu/download/ctf-simulation/ (Stahlberg) 
with parameters edited to suit the experimental microscope type. 
 
 
The variability between the object and the image acquired can be described with 
equation 1.1.  From the convolution theorem this equation can be rewritten to give 
the spatial domain equivalent as described with equation 1.2 and illustrated by figure 
1.20 (Penczek P.A., 1997); 
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  Equation 1.1 
 
)(k is the Fourier transform of the object, )(kI is the Fourier transform of the 
observed image, )(kH  is the contrast transfer function.  The function can be rewritten 
as; 
 
 
Equation 1.2 
 
 
)(r is the object, )(rh is the point spread function (PSF) and the convolution of the 
two gives )(ri  the obtainable image.  An illustrated version of this equation is shown in 
figure 1.20. 
 
 
Figure 1.21.  An example showing the convolution of an object with a theoretical point 
spread function to gain an output EM image.  In equation 1.2 the object is described by
)(r  the point spread function by )(rh and the image by )(ri . 
 
The main factors that affect the CTF are the defocus value, the spherical aberration, 
chromatic aberration, the source size and the defocus spread (Fernandez et al., 2006).  
The CTF is an oscillating function varying from negative contrast to positive contrast 
from low to high spatial frequency range of the spectrum. Where the zero cross-over 
)(*)()( rhrri   
)()()( kHkkI 
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occurs, there is no transfer of contrast and, therefore, there is a loss of signal 
information which limits the achievable resolution.  Methods to correct the CTF to 
compensate for the missing information have been developed by taking multiple 
images at different defocuses therefore filling in the gaps in spatial frequency; a 
popular approach with single particle analysis where high resolution data close to 
focus is a requisite.  
 
 
1.2.1.2. Charged-Coupled Device (CCD) Camera 
The preferred method for acquiring tomographic tilt data in an electron microscope is 
with use of a charge-coupled device (CCD) camera.  Whereas negative film may have 
the advantages of a larger sampling area, CCD cameras allow for instant visualisation 
of image projections.  With this and computer controlled electron microscopes, 
automated tomography is possible as CCD images can be processed to calculate any 
deviations in image defocus and by using cross correlation to detect image shift.  TEMs 
are usually set up with a 1k × 1k, 2k × 2k or 4k × 4k pixel array CCD camera with 8k × 
8k and higher currently under development (Luysberg, 2008).   Most of these CCD 
cameras work in a similar way employing a scintillator screen to overcome the 
problem of radiation damage.  This converts an electron image to a photon image 
which is directed to the CCD sensor by a fibre-optic coupler (figure 1.21) or a lens.  The 
disadvantages of using this indirect method are a potentially low photon yield from 
the scintillator and/or a large point spread function (Fan and Ellisman, 2000).  These 
disadvantages are, however, outweighed by the advantages associated with 
tomographic data collection. 
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Figure 1.22.  A diagram of a CCD camera used for TEM modified from (Fan and 
Ellisman, 2000).  The electrons coming in contact with the scintillator screen are 
converted into a photon image relayed via a fibre-optic plate to the CCD sensor. 
 
 
1.2.2. Optimisation of the Electron Microscope 
When setting up a transmission electron microscope, it is important to optimise the 
electron dose and to ensure high coherency, that the electrons are emitted from a 
small region of the filament.  To achieve this, the filament is ‘saturated’.  Saturation is 
achieved by increasing the beam current to the point where the number of emitted 
electrons (beam current) no longer rises.  After this the gun bias is usually set up; this 
controls the electron current leaving the gun and the size of the area on the filament 
from which the beam originates.  The common reason for changing the gun bias is to 
increase or decrease electron beam current.  Reducing the beam current decreases 
specimen heating and damage caused by the beam.  Increasing the beam current 
improves electron transmission which can be useful for thicker specimens.  The first 
condenser lens controls the spot size; the larger the size, the greater the area of 
specimen illuminated at a high current density however the price of this is increased 
specimen damage and resolution impairment (Bozzola and Russell, 1998).  Therefore, 
at a high magnification for high resolution work a small spot size is used.  Accelerating 
voltage (also known high tension) is an important factor when undertaking high 
resolution ultra-structural studies.  Higher energy electrons are more penetrating with 
less electron scattering occurring but this leads to lower image contrast and a higher 
chance of specimen damage.   
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Transmission electron microscopes typically used for biological specimens have 
acceleration voltages in the range of 100kV to 300kV.  100kV microscopes are usually 
used for low resolution work, whereas 200kV and 300kV are used for higher resolution 
structural studies.  These are usually field emission gun (FEG) electron microscopes as 
they have the best electron coherency therefore providing the highest possible 
achievable resolution.  The focus is changed by altering the current through the 
objective lens.  A higher current causes more refraction of the electron beam resulting 
in a shorter focal length (Hayat, 1973).  When the beam is in focus (figure 1.22), the 
image obtained lacks contrast as the different spatial frequencies are not separated.  
Closer to focus high frequency signal dominates passing through the objective 
aperture to the screen or detector giving reduced contrast and additional noise to the 
obtainable image.  This is usually used for methods such as single particle analysis as 
the poor contrast and noise can be reduced through image averaging with the reward 
of a higher obtainable resolution.  For standard EM work and tomography a greater 
defocus (as shown in figure 1.22) is used giving greater image contrast with better 
recovery of low frequency information.  This allows better observation of the larger 
structural features and motifs. 
 
 
 
Figure 1.23.  Different lens focus settings. 
 
The electrons are initially accelerated away from the filament in a straight line.  When 
they encounter an electromagnetic lens they are directed into a spiral path along the 
optical axis.  The spiralling is caused by an electromagnetic force perpendicular to the 
direction in which the electrons travel.  Altering the strength of the electromagnetic 
lenses affects the spiralling of the electrons.  When the magnification (projection 
lenses) or focus (objective lens) is changed, the image rotation is affected (figure 
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1.23).  The largest rotations (~180°) occur when one of the projection lenses is turned 
on or off (Chescoe and Goodhew, 1984). 
 
 
Figure 1.24.  Comparing image rotation for a weak and strong lens for when the 
electrons reach the viewing screen or detector. 
 
 
1.2.2.1. The Field Emission Gun Electron Microscope 
For 3D reconstructions, the best type of EM to use is a high-powered field emission 
gun (FEG) electron microscope as the cathode is an extremely fine tungsten tip giving 
an electron beam with high spatial and temporal coherence. The two types of 
coherence describe the state of the electron wave-front with respect to the signal 
phase shift and wave correlation from object to the detector.  The use of a higher 
voltage electron microscope between 200-300kv is beneficial as specimens prepared 
for electron tomography are generally thicker than would be used for other EM 
studies and therefore a higher electron penetration is required to enhance the signal 
(Lucic et al., 2005).  However, a higher accelerating voltage also increases the level of 
background noise as the electron collision diffraction angle decreases. Therefore 
multi-scatter events are more likely to contribute to the final output image, as less will 
be blocked by the objective aperture. 
 
With an FEG-EM it is important to note the difference in the contrast transfer function 
(CTF) in comparison with other electron microscopes such as the LaB6 (Lanthanum 
Hexaboride Cathode) EM.  With the high electron coherence of the FEG, the CTF 
envelope reduces less over a higher spatial frequency range, thereby maintaining the 
higher resolution detail as shown in figure 1.20.  Whilst producing a more defined 
coherent signal with closer correlation to the native objects, there is the problem of 
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increased noise caused by a higher level of inelastically scattered electrons reaching 
the CCD detector.  To improve the image contrast, post- and pre- data acquisition 
processing have been developed to enhance the signal and reduce the noise, these 
are discussed in forthcoming chapters. 
 
 
1.2.2.2. Aberration 
Similar to an optical system, the lenses in the electron microscope are subject to two 
types of aberration.  First, chromatic aberration is caused by electrons of different 
wavelength (energy) focusing at different points along the optical axis (figure 1.25 c).  
In an attempt to eliminate this problem monochromatic electrons (same energy), as 
with a FEG electron microscope, are used (Van Dyck et al., 2004).  As a FEG has a much 
narrower beam spread than conventional tungsten filament electron microscopes, it 
also greatly reduces chromatic aberration but owing to loss of electron energy 
through inelastic scattering from specimen transmission, the aberration is unavoidable 
for the objective and projection lenses. 
 
 
Figure 1.25.  (a) A perfect lens system where the electrons all focus at the same point.  
(b) Spherical aberration where electrons further from the optical axis have to travel 
further, giving varied focal points. (c) Chromatic aberration caused by electrons of 
different energy levels. 
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Due to the nature of any lens system, electron microscopes are also affected by 
spherical aberration caused by electrons further from the optical axis having to travel 
larger distances than those near the axis (figure 1.25 b).  To minimise this aberration, 
the rays nearer the optical axis are used.  This is achieved through the use of apertures 
for the electromagnetic lenses (Smith, 2008).   
 
 
1.2.2.3. Energy Filtered Transmission Electron Microscopy (EF-TEM) 
A widely used approach in electron tomography is the use of an energy filter to 
enhance contrast and reduce image projection noise.  These are intergrated as part of 
the TEM column and function by removing inelastically scattered electrons (Olins et 
al., 1989).  These types of electrons have loss of energy and altered momentum and 
therefore have a different flight path from that of unscattered and elastically 
scattered electrons passing through an electromagnetic system employed by the 
energy filter.  As shown in figure 1.26 the different route taken by the inelastically 
scattered electrons through the energy filter allows them to be removed with an 
aperture.  
 
 
Figure 1.26.  Diagrams showing different types of energy filters currently used in TEM; 
(a) Electrostatic mirror; (b) omega-type filter; (c) single magnetic segment filter.   
Modified from Koster et al (1997)  
  
CHAPTER 1 
 
34 
 
1.3. Electron Tomography 
 
 
Electron tomography is a powerful technique that generates three dimensional images 
from tilted electron microscope images.  In structural biology it fills the gap between 
high resolution methods such as X-ray crystallography and low resolution methods 
such as light microscopy.  With a typical resolution limit around 50-60Å for plastic 
embedded sections (McIntosh et al., 2005) it is well suited for the study of biological 
complexes found in tissues or isolated cells.  Many cellular organelles have been 
studied using electron tomography such as the Golgi complex (Bouchet-Marquis et al., 
2008; Ladinsky et al., 1999), mitochondria (Perkins et al., 1997) and nuclear pore 
complex (Beck et al., 2007).  The main steps for tomography are shown in figure 1.27 
with more details for each step described below.  
 
 
Figure 1.27.  A flow diagram showing the main steps in producing a tomogram.   
 
There are many 3-D EM techniques which have helped in the development of electron 
tomography.  These include single particles analysis, icosahedral and helical 
reconstruction. Through the development of these techniques one of the first 3-D 
reconstructions generated of biological samples was of the bacteriophage T4 
Crowther and Klug (1975).  Currently, all of the methods mentioned involve the 
collection of large number of particle images followed by classification and averaging 
to pursue the highest resolution achievable by structural EM, currently around 4Å 
(Jiang et al., 2008; Yu et al., 2008).  The particles examined tend to be larger than 
100kDa and have some degree of symmetry; the presence of multiple repeating 
motifs helps the analysis (Frank, 2002; Jawhari et al., 2006; van Heel et al., 2000; Wang 
and Sigworth, 2006).  Single particle analysis was developed by Marin Van Heel and 
Joachim Frank (Frank, 1981; van Heel et al., 1996).  It has a broad spectrum of 
application and has been used to examine symmetrical proteins such as the IP3 
receptor (Taylor et al., 2004) and GroEL (De Carlo et al., 2008) through to larger 
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unsymmetrical macromolecules like the ribosome (Chandramouli et al., 2008).  The 
icosahedral reconstruction was developed for the study of viruses as it exploits their 
high symmetry.  Some of the viruses studied using this technique are the rift valley 
fever virus (Sherman et al., 2009) and hepatitis C (Yu et al., 2007).  Helical 
reconstruction is specifically used for the study of filamentous structures composed of 
repeating molecular units with a well defined (or approximately) helical order such as 
F-actin (Egelman, 2007).   
 
Some of the structural biology techniques used to determine atomic structure of 
macromolecules are nuclear magnetic resonance spectroscopy (NMR) and X-ray 
crystallography.  These methods can be useful in combination with structural EM 
studies as the atomic maps they generate can be integrated through docking into EM 
density maps.  Depending how accurately the structures fit together, integrity can be 
given to both methods and broaden the understanding of how the protein complexes 
exist and function in their native environments.  This is especially useful when 
studying morphological changes in the state of macromolecules.  These different 
states can relate to their function and may occur natively through biological pathways 
or can be induced chemically through in vitro techniques.  Using a combination of the 
two techniques allows better understanding of how conformational changes in 
macromolecular shape affects the function. 
 
 
1.3.1. Data Acquisition in Electron Tomography 
When collecting tilt data for electron tomography a few parameters need to be 
optimised to generate tomograms of the highest quality, the most relevant are 
represented in figure 1.28.   
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Figure 1.28.  Different factors for optimising data collection for tomography.  (a) 
Original image.  (b) The larger the tilt range, the less distortion within the 
reconstructed data. (c) The finer the tilt increment, the more data can be sampled 
improving the tomogram reconstruction quality/resolution.  Dual axis tomography 
greatly improves the tomogram data by reducing the missing data (wedge) giving a 
more isotropic resolution.  These simulations were produced using the software 
ImageJ. (http://rsbweb.nih.gov/ij/) 
 
 
1.3.1.1. The Missing Wedge and Dual Axis Tomography 
Augmenting the tilt angle of the specimen in the electron microscope increases the 
thickness of the sample the electron beam must penetrate by a factor of cos/1  
(figure 1.29). This causes an increase in electron scatter due to more multiple 
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scattering events giving reduced image contrast and resolution at the high tilt angles.  
At a tilt angle of 60o the specimen thickness doubles and at 70o it is almost three times 
as thick, therefore in practice the tilt range is limited to a maximum of around 75o.  
This constraint in tilt range gives rise to a missing wedge of data when viewing all the 
tilt projections in Fourier space.  This is a high price to pay in tomography as it causes 
distortion and an overall anisotropic resolution along the beam axis.  To reduce the 
effect of this limitation effectively the largest tilt range available should be used.   
 
 
Figure 1.29. Calculations for the increasing beam distance in relation to tilt angle for a 
200 nm thick specimen. 
 
The missing data can be greatly reduced by taking a second tilt series along a 
perpendicular axis to the first series (figure 1.30), reducing the missing wedge to a 
more isotropic pyramid (Mastronarde, 1997; Penczek et al., 1995).  The two tilt series 
are collected separately and back-projected independently before being combined 
through either cross-correlation by finding corresponding features or by the mapping 
of fiducial markers.  Local linear transformations can also be used to give the most 
accurate data averaging (Mastronarde, 1997).   There are other advantages associated 
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with dual axis tomography such as: (i) sample shrinkage distortions can be corrected 
more effectively when merging two data sets, as individual errors can be averaged 
out, and (ii) non-linear distortions can also be corrected because of the high quantity 
of information given by two tomograms.  The only real disadvantage that can arise is 
mis-alignment, which cannot always be easily detected, leading to inaccurate data 
interpretation.  It should also be noted, when taking two perpendicular tilt series, that 
the same tilt range and increment size should be used for both to give the most 
isotropic resolution. As some of the missing wedge data will come from the 
corresponding data set, both should have similar resolutions. Taking two 
perpendicular tilt series has been found to be adequate for tomography, as more data 
series do not significantly improve the tomogram. 
 
 
Figure 1.30.  Missing data comparison, single axis with the missing wedge, and dual 
axis with a small more isotropic missing pyramid. 
 
 
1.3.1.2. Tilt Increment Size 
Another important factor when acquiring EM image data is the tilt increment size; the 
smaller it is the more data is collected to produce the tomogram.  While this has the 
advantage of maximising the attainable resolution, the smaller the sampling size the 
longer the time for data collection and the exposure of the specimen to electrons.  
Therefore a compromise is required when deciding upon an increment size for data 
acquisition.  To reduce the number of required exposures with other potential 
benefits a sinusoidal approach using non-equidistant tilt angle increment can be used, 
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known as the Saxton scheme (Saxton et al., 1984).  By employing smaller tilt 
increment steps when acquiring images at high tilt angles there is more efficient 
sampling of the high tilt projections.  This compensates for the extra noise and loss of 
signal found in the high tilt projections produced by the increased random electron 
scattering events as a direct result of greater electron beam transition distances 
though the specimen (Frank, 2006a). Using this method fewer images are needed to 
produce a tomogram as only a few tilt projections are required for the lower tilt range.  
This is particularly useful when using low-dose methods such as in cryo-electron 
microscopy as it reduces electron dose (Grimm et al., 1998). 
 
 
1.3.1.3. Tilt Series Acquisition 
Once an area of interest has been found through scanning all areas of the grid within 
the electron microscope, a tilt series can be acquired.  This can be done manually by 
tilting the specimen by hand, ensuring the area of interest stays in a constant position 
when taking CCD images.  The defocus is checked and maintained for each image, 
using the power spectrums in the imaging computer. This manual approach has been 
found to be inefficient resulting in excessive electron dose and, therefore, in the early 
1990’s automatic systems were developed (Dierksen et al., 1992; 1993; Koster et al., 
1992).  Computer software controls the electron microscope based on parameters 
entered by the operator.  This allows tilt images to be acquired without the need for 
human assistance.  To make the software function effectively for an automated 
system, some problems have to be addressed and overcome.  First, when the EM 
goniometer is tilted while acquiring tomogram data the specimen naturally moves, 
displacing the region under examination.  The movement is minimised by positioning 
the tilt axis as close to the area of interest as possible, with the software performing 
correlation calculations to allow for fine corrections through specimen re-positioning 
and/or beam shift.  The defocus along the tilt axis should not alter greatly throughout 
the data acquisition.  This aspect is especially important when using a small defocus, 
as any deviations will have a far greater impact.  Most software used takes extra 
exposures for each tilt angle to calculate any change in defocus.  When detected, the 
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defocus is recalibrated back to the desired setting.  When a tilt series has been 
acquired for the maximum tilt range available, a tomogram can be calculated.   
 
1.3.2. Specimen Shrinkage 
Resin-embedded specimens for electron microscopy are chemically prepared so that 
they are strong and resilient.  Unfortunately, under the strongly focused electron 
beam, plastic sections will shrink in all dimensions especially depth (Luther et al., 
1988).  It has been observed that samples can even shrink by up to 50% from their 
original thickness (Bennett, 1974). This reduction in the sample thickness is caused by 
both types of electron scattering effect.  With elastic scattering events, if the energy 
transferred to the specimen exceeds the displacement energy, the crystalline lattice 
can be degraded, altering the observable object.  Inelastic electron scattering can 
produce radiolysis effects which will change the structure of the specimen or remove 
material (Egerton et al., 2004).  When carrying out tomography, shrinkage of the 
specimen during data collection is a significant problem.   The current solution is to 
pre-expose the sample long enough for it to shrink to a stable size, with a dose of 
about 100e-/Å2 usually being adequate (Luther et al., 1988; Trachtenberg et al., 2000).  
When collecting images, standard procedures can be undertaken to reduce radiation 
damage. These include using cryotemperatures, utilizing low-dose techniques and 
using a high acceleration voltage electron microscope.    To accommodate any 
shrinkage in tomography, the reconstruction produced from the tilt data can be 
stretched in the z-dimension.  This implies uniform z-directional shrinkage, but this is 
currently under debate, as it may be more irregular (van Marle et al., 1995).   
 
 
1.3.3. Tilt Projection Alignment 
Each tilt projection (i.e. image of a tilt series) needs to be aligned to a shared common 
centre as there is unavoidable shift of the specimen in the microscope.   There are two 
common methods for the alignment of tilt projections.  One is based on cross-
correlation methods (also caller marker-free alignment) and the second is based on 
fiducial markers.  The marker-free method involves the following.  Images can be 
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aligned by fixing the position of a reference image usually starting with the non-tilted 
0° projection and shifting a second image, the closest angled tilt projection along X 
and Y.  For each position the second image is moved too and the cross correlation 
coefficient representing the similarity between the two pictures is calculated.  To 
maximise the similarity between the images, additional translation factors can be 
implemented including stretch and rotation.  When the best match is found, given as 
the maximal cross correlation coefficient, the second image is fixed into the 
corresponding position.   This is repeated for each image aligning the closest angled 
tilt projection starting from 0° up to the maximum angle from one side of the tilt range 
followed by the same for the other side as shown in figure 1.31.  This aligns all the 
images to the fixed centre of the 0° projection (Winkler and Taylor, 2006). 
 
 
 
Figure 1.31.  An example of a cross correlation alignment scheme, starting from 0° the 
closest angular tilt projection is matched.  This system is used in the tomography 
software developed by Winkler and Taylor (2006). 
  
 
 The other common approach for aligning tilt projections is feature tracking using 
fiducial markers. These are usually colloidal gold particles (commonly 5-15nm in size) 
applied to the top and/or bottom surface of the specimen.  Due to the fiducial 
markers having a high electron density they have high contrast in the images, making 
it easy to mark the centres of the particles as model points automatically or by hand 
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for each projection.  The model produced is based on a coordinate system that tracks 
the centre of each particle from one tilt projection to the next.  The position of centres 
can be improved by hand or automatically over iterative steps from a combination of 
the fiducial radius size and geometric calculations between fiducials within the same 
and other tilt projections (Mastronarde, 1997).  When the fiducial model is 
satisfactory the images can be aligned by applying the required translation factor to 
map the corresponding fiducials to each other between tilt projections.  All the images 
are aligned to the 0° tilt projection using the neighbouring angular projections as 
shown in figure 1.31. 
 
 
1.3.4. Tomographic Reconstruction 
After aligning the acquired tilt images there are a variety of ways to construct a 
tomographic volume using different algorithmic approaches.  Some of the most 
common methods are described below. 
 
 
1.3.4.1. Weighted Backprojection 
Once the images are aligned the Euler angles (horizontal rotation: φ, vertical rotation: 
θ, and second horizontal rotation: ψ after either φ or θ; as shown in figure 1.32) are 
calculated.  As there will be no horizontal rotation φ will be 0, with the tilt angle as θ 
and any rotation calculated from the cross correlation or fiducial geometry as ψ 
(Marco et al., 2004).  With the Euler angles known for each tilt projection a 3-D 
tomographic reconstruction can be produced.  This is established from the central 
section theorem; the 2-D Fourier transform of a projection of a 3-D object is equal to a 
central plane though the 3-D Fourier transform (Midgley and Weyland, 2003).  
Therefore the Fourier transform of each tilt projection can be positioned in 3-D 
Fourier space based on the calculated Euler angles.   With all the tilt projections data 
incorporated, the inverse of the 3-D Fourier transform that can be generated 
corresponds to the original object.   For electron tomography this data is projected to 
give the entire volume of the specimen as an image stack, made from a series of slices, 
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each slice representing a thickness of the specimen that is much thinner that any 
section that can be cut using a microtome. 
 
 
Figure 1.32.  A diagram showing the different Euler angles around a spherical object. 
 
For all of the tilt projections the strongest signal is always given by the low frequency 
data, as it contains most of the basic image information and is less affected by the 
envelope of the contrast transfer function.  Putting all the tilt projections together in 
Fourier space causes over-sampling of the low frequency data due to the combined 
strength of the dominant signals (Koster et al., 1997; Lucic et al., 2005).  This in turn 
gives a low-resolution reconstruction of the original object with a low signal for the 
high frequency fine detailed data as it is neglected.  A simple algorithm has been 
devised to overcome this problem by weighting the overall signal before 
backprojecting to enhance the high frequencies (Fernandez et al., 2002; Rademacher, 
1992).  Currently, the most commonly used reconstruction scheme is the weighted 
backprojection as it is fast and it gives accurate reconstruction in a simple 
straightforward manner (McEwen and Marko, 2001). 
 
 
1.3.4.2. Simultaneous Iterative Reconstruction Technique (SIRT) & Alternating Dual-
Axis SIRT (ADA-SIRT) 
A weighted backprojection scheme as described above is followed from tilt projections 
to a tomogram.  The tomogram data for this technique is re-projected along the tilt 
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axis giving projections for comparison with the original EM images.  By correlating the 
re-projections with the EM images, the differences (errors) can be isolated and taken 
into account to improve and produce a more accurate tomogram (Gilbert, 1972; 
Messaoudii et al., 2007).  This is done over a number of iterative steps producing a 
series of new tomograms, reducing some of the image distortion commonly found 
present in tomograms due to the missing wedge.  This is a slow technique limited by 
the computer processing speed (Perkins et al., 1997; Tong et al., 2006).  
 
Alternating Dual-Axis SIRT (ADA-SIRT) is a similar scheme but instead takes into 
account the second perpendicular tilt axis data as shown in figure 1.33.  A dual axis 
tomogram is produced following the normal weight backprojection procedure, this 
and the two tilt projection data sets from the two tilt axes are incorporated into an 
iterative loop system.  Here the dual axis tomogram is reprojected along one of the 
two axes, producing a data set that can be compared with the original tilt projection.  
The differences between the original and reprojected data sets are calculated and 
backprojected to form a ‘difference’ reconstruction which is combined with the 
original dual axis tomogram for refinement.  The refinement loop is iterated over until 
none or little improvement is given.  For all the odd-numbered iterations the 
reconstruction is refined using the first data set (primary tilt projections) and for all 
the odd-numbered iterations the second data set is used (perpendicular tilt 
projections) (Tong et al., 2006).  From the model simulation data Tong el al (2006) 
showed an improvement over the SIRT method but when applying to real ET data 
there were some challenges that needed to be overcome. 
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Figure 1.33. The alternating dual-axis simultaneous iterative reconstruction system, as 
adapted from Tong et al (2006).  
 
 
1.3.5. Sub-tomographic Averaging 
Recently, there has been a lot of interest in averaging of structures within 
tomographic data.  The fundamentals of this approach are based upon single particle 
analysis, with a similar averaging and classification scheme usually used.  The 
structures are chosen manually, and the software attempts to cross-correlate them 
against each other three dimensionally though a series of user defined Euler angles 
and translation steps.  For a reference free alignment the structures are classed by 
their similarity and depending on the thresholds set, some classes are combined and 
the particles within averaged to obtain the final output structure (Bartesaghi et al., 
2008; Winkler et al., 2009).  Another approach compares particles and averages the 
ones most similar to a chosen reference particle (Walz et al., 1997). This method is 
also used in the IMOD PEET software (http://bio3d.colorado.edu/imod/ (1994)). 
 
Averaging multiple structures suppresses noise, which is generally strong within 
tomography data and enhances the achievable resolution (Bartesaghi et al., 2008).  
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The extent of the improvement is dependent upon the quality and number of 
structures averaged together.  Unlike single particle analysis, the structures picked for 
the averaging scheme exist as 3-D densities, not 2-D projections and thereby contain a 
far greater amount of information (Bostina et al., 2007).   This means an extensive 
degree of averaging is not necessary even though using more particles should improve 
the output.  A helpful feature exists when averaging structures of random orientation, 
as the missing tomography data (wedge or pyramid) can be reduced or removed 
entirely.  When this can be undertaken the greatest limitation within tomography can 
be significantly overcome.  
 
 
1.3.6. Determining Resolution  
There are several approaches available for determining resolution in electron 
tomography. 
 
 
1.3.6.1. The Crowther Criterion 
 
An estimate of the tomographic resolution can be determined using the following 
Crowther criterion; 
 
N
d
r


   Equation 1.3 
 
 
The obtainable resolution (r) is determined by the number of projections (N) and the 
object size (d).  The criterion works on the basis that a tilt projection of an object with 
the thickness d has a reciprocal size (1/d) in Fourier space.  Therefore the information 
sampled to produce the three dimensional reconstruction is limited to a sampling area 
Kc (the Crowther criterion) as shown in figure 1.34 (Crowther et al., 1970).  This 
criterion is a limited approximation as it does not take into account the loss of 
resolution caused by structural preservation and image noise.   
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Figure 1.34.  The Crowther criterion based on the sample and tilt increment size.  The 
resolution is given by Kc, the point where data from each tilt projection begins to 
overlap.  Adapted from Lucic et al (2005).  
 
 
 
1.3.6.2. Fourier Shell Correlation and Noise-Compensation Leave-One-Out 
Fourier shell correlation (FSC), a 3D equivalent of Fourier ring correlation is a 
resolution determinant developed specifically for single particle analysis that can be 
adapted for tomography  (van Heel and Schatz, 2005).  This can be done by comparing 
two different regions within a tomogram or using FSCe/o a Fourier shell correlation 
comparison between tomograms created from even and odd members of a tilt series 
(Penczek, 2002).  Another process that can be used is noise-compensation leave-one-
out (NLOO), based on the Fourier ring correlation.  The original projection is compared 
with its corresponding tomographic reprojection, to determine the differences in the 
noise (Cardone et al., 2005). 
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1.4. Post Tomographic Processing 
Tomographic data usually consists of a lot of noise.  Therefore to reduce the noise 
physical energy filters (as mentioned in chapter 1.2.2.3) as well as digital filters are 
required to interpret the information accurately.  When examining TEM data from a 
sample that has been conventionally fixed and positively stained, the information 
representing the specimen density is essentially the image signal produced by the 
scattering of electrons by protein-bound heavy metal particles.  This information is 
usually affected by noise, which can be a significant problem, as it disrupts and 
conceals structural detail.  This is particularly relevant to high resolution work as noise 
makes analysis difficult and can lead to incorrect interpretation.  When TEM image 
data are acquired with a CCD camera, the two types of noise are shot and detector.  
The shot noise is the random multiple scattering of electrons; this includes inelastically 
scattered electrons (as discussed in chapter 1.2.1).  Detector noise (dark noise) 
originates from the CCD detector and is caused by a variety of factors; the resolution 
limit of the detector chip, the CCD scintillator absorbance, and physical artefacts on 
the detector (Faruqi and Henderson, 2007).  A further source of noise is from staining 
artefacts that occur with plastic embedded sections, as there will always be some non-
specific staining and stain leaching, leading to undesired electron scattering 
(McIntosh, 2001).  To overcome these problems, digital image filters have been 
developed to reduce the noise while enhancing the signal.  This approach can 
compromise the overall image detail.  Extensive research has, therefore, been carried 
out to find the best mathematical methods, including statistical approaches to 
preserve the image resolution.  As image data exists as a pixel matrix, most filters 
developed work on the basis of a convolution matrix kernel as described below.  For 
the simplest image type, consisting of a two colour scale, the corresponding matrix 
values for black would be 0 and white 1, as shown in figure 1.35.   For an 8-bit grey 
scale an image can consist up to 256 colours and for 16-bit 65,535 colours with 0 
always representing black and the highest value white (255 and 65,534 respectively). 
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Figure 1.35.  (a) – (d) simple image matrices, (e) – (h) 4 pixel images given by the 
matrices directly above. 
 
 
 
1.4.1. Spatial Domain Filters 
 
1.4.1.1. Mean Filter 
A mean filter is a simple smoothing filter that replaces each pixel value within an 
image with a mean value calculated from it and neighbouring pixels.  Usually a 3 by 3 
kernel is used for this type of filter but larger ones such as a 5 by 5 kernel can be used 
for a stronger smoothing effect (Umbaugh, 2005). 
 
 
 
1.4.1.2. Median Filter 
A median filter is similar to a mean filter in that a square kernel is usually used, and 
each value is taken into account to calculate the new filtered value (figure 1.36).   The 
difference is that the median value of the pixel intensities is used to obtain the filtered 
value (Wang et al., 2002).  The median filter gives better results than the mean filter 
because in this type of image processing there is a more robust average, where an 
extreme neighbouring value will not affect the median significantly.  As the median 
filtered value has to be one of the values present within the kernel matrix, new 
unrealistic values cannot be created when the filter comes into contact with edge 
values; this makes the median filter a better edge preserver than the mean filter. 
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Figure 1.36.  An example of some image data pixel values with the calculated median. 
 
 
1.4.1.3. Gaussian Smoothing 
The Gaussian filter is a 2-D convolution operator that removes noise by smoothing the 
image in a similar way to the mean filter.  The Gaussian kernel differs from the mean 
filter as the values are represented as a normal distribution bell curve (figure 1.37).  
This gives a weighted kernel with the extent of filtering of each pixel dependent more 
on its closest neighbouring pixels rather than those further away.  This allows large 
kernels to be used to give accurate realistic filtering.   
 
The 1-D Gaussian distribution in the x-direction is calculated as follows; 
2
2
2
2
1 



x
exG )(           Equation 1.4. 
 
A 2-D Gaussian can be represented as follows; 
2
22
2
22
1 




yx
eyxG ),(     Equation 1.5. 
 
 
  is the standard deviation of the Gaussian distribution.  It determines the extent of 
the smoothing and as it increases, the size of the matrix kernel needs to increase to 
get the most realistic results (Oberholzer et al., 1996). 
Values in 3 by 3 square set; 
 
112, 114, 115, 123, 128 
131, 134, 145, 156 
 
Median Value = 131 
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Figure 1.37. (a) 3-D Gaussian curve (b) A Gaussian kernel with approximate values for 
a   of 1 
 
2-D Gaussian smoothing can be applied to images quickly by separating the x and y 
components, and therefore two 1-D Gaussian smoothing operations can be performed 
separately, in the different directions.  When calculated, the 1-D Gaussian outputs can 
then be convoluted together giving a fast and efficient method of producing the 
discrete 2-D Gaussian smoothing kernel (Russ, 2007).  As image data are stored as 
discrete pixel, the Gaussian is calculated as a discrete approximation, with a truncated 
kernel to exclude 0 values. 
 
 
1.4.1.4. Nonlinear Anisotropic Diffusion 
The nonlinear anisotropic diffusion (NAD) is a hybrid diffusion approach combining 
edge enhancing diffusion (EED) with coherence enhancing diffusion (CED).   The EED 
preserves and intensifies the image edge information while the CED focuses on 
components that appear to have linear continuity by compensating for any apparent 
gaps caused by loss or reduction in signal (Frangakis and Hegerl, 2001). 
  
a) b) 
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1.4.2. Fourier Transforms in Image Analysis 
The Fourier transform is a generalisation of the Fourier series, transforming a real 
variable into a new function of the frequency domain.  It performs this by 
decomposing a function into simple oscillating sine and cosine functions as shown in 
figure 1.38.  As the Fourier theory states that any signal can be used, image data can 
be expressed as a series of sinusoids.  As image data exists in the spatial domain, the 
spatial frequency across space is pixel intensity (brightness) modulated. 
                   
 𝑓(𝑥)𝑒−𝑖𝑥𝑤 𝑑𝑥
∞
−∞
 
 
The integral operation for calculating the Fourier series of the function f(x). 
 
 
 
 
Figure 1.38.  An example of a Fourier series, with the decomposition of a square wave 
into sinusoidal components.   
 
The Fourier transform encodes a series of sinusoids through a range of spatial 
frequencies from zero up to the Nyquist frequency.  The Nyquist is the highest 
possible spatial frequency that can be encoded in an image, and is determined by the 
sampling or pixel size.   In terms of a 1-D transform, an image consisting of a single 
spatial frequency is represented in the frequency domain as two peaks of frequency f 
 
Equation 1.6.   
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and –f, each denoting the same value mirrored in the amplitude axis at zero 
frequency, as shown in figure 1.39.  The amplitude of the two peaks corresponds to 
the contrast of the original spatial frequency.  A peak is also given at the zero 
frequency which represents the average brightness across the whole image.  The 
distance from zero frequency to either f or –f is reciprocal to the size of the original 
spatial frequency.  This is why Fourier space is also known as reciprocal space.   
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Figure 1.39. (a), (e) and (i) images with a single spatial frequency decreasing in size 
between each image respectively. (m) A combination of the spatial frequencies from 
(a) and (i).  (b), (f), (j) and (n) are profile plots of the neighbouring images with pixel 
number plotted against pixel intensity.  These represent the 1-D spatial frequencies 
horizontally along each image. (c), (g), (k) and (o) are 1-D Fourier transforms of the 
corresponding images.  Each consists of two peaks as well as the central peak apart 
from (o) which has four peaks as it encodes information for two spatial frequencies.  
(d), (h), (l) and (p) are the 2-D Fourier transforms.  
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As 1-D transforms can only represent a single line scan from an image, they are 
impractical to use for EM data analysis and therefore 2-D transforms are utilised.  Each 
pixel within the 2-D Fourier transform image represents a spatial frequency, of which 
the pixel intensity represents the amplitude.  Other examples of 2-D transforms are 
given in figure 1.40 where the orientation of the sinusoid corresponds to the position 
of the peaks in the Fourier transform image. 
 
 
 
Figure 1.40.  (a) Image with a diagonal sinusoid.  (b) A combination of a diagonal and 
a horizontal sinusoid.  (c) and (d) are the corresponding Fourier Transforms.  The 
position of the peaks relates directly to the orientation of the sinusoid signal. 
 
 
As the images are discrete i.e. sampled, the Discrete Fourier Transform (DFT), a 
sampled form of the Fourier transform is used.  This excludes some of the frequency 
information but preserves enough of the substantial frequencies to describe the 
spatial domain image.  The DFT function for an image of size N×N is given in equation 
1.7.  To calculate the DFT as quickly and efficiently as possible the Fast Fourier 
Transform (FFT) is used.   As a complex algorithm it greatly reduces computational 
time to achieve the DFT, allowing large and complex image processing.   
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The Discrete Fourier Transform for an image of size N × N 
 
 
1.4.2.1. The Fourier Transform for visualising Periodicity and Symmetry 
The FT is very useful when studying the periodicity or the symmetry of objects as 
these features are highly emphasised within the Fourier space.   If an image consists of 
repeating vertical or horizontal lines of equal separation, the transform gives 
corresponding points vertically or horizontally from the centre respectively.  Each 
point is separated by the reciprocal distance within the original image.  Similarly with 
one or multiple symmetrical objects within an image, distinct points are given within 
the Fourier transform representing the objects pattern (figure 1.41).   These features 
allow accurate measurements to be made between points within the transform.  This 
is especially useful when you have a large symmetrical complex i.e. an image of a 
lattice as the FT will represent the average reciprocal distance between points. 
 
 
 
 
Equation 1.7.   
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Figure 1.41.  Fourier transforms from images with symmetrical patterns (a) Points 
arranged as a square lattice and (b) in a hexagonal array.  (c) and (d) Fourier 
transforms with very distinct patterns due to the symmetrical in the images.  The 
distance between the points in the FT’s are reciprical to those found in the orginal 
image.  The FT’s have been enlarged by a factor of 8 followed by cropping 
 
 
1.4.2.2. Frequency Domain Filter 
When filtering in Fourier space the most useful filters are lowpass and highpass filters 
which supress the high frequency and low frequency signals respectively.   This is done 
by applying a circular mask to the FT to remove the required frequency range before 
applying the inverse transform to achieve the filtered output image.  The low 
frequency signal represents the large modulations in the image i.e. size.  Therefore, by 
applying a lowpass filter, these details are enhanced and background noise is reduced 
improving the overall image contrast (figure 1.42 b) & e)).  The high frequency signal in 
EM images is weaker as the low frequency signal dominates.  It therefore represents 
the finer more intricate features, with the most prominent being the edge details 
within an image.  By applying a highpass filter these are enhanced but reduce the 
overall image contrast (figure 1.42 c) & f)). 
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Figure 1.42.  Examples of a low-pass and high-pass filter.  (a) Unaltered image and (d) 
its FT.  (b) Lowpass filtered image with (e) the masked FT with only low frequency 
signal left in the centre.  (c) A highpass image with (f) showing the FT with the signal 
data removed from the centre leaving mostly high frequency information. 
 
 
A range of different image filters are used in TEM image processing.  The effects of the 
most common ones described above are compared in figure 1.43. 
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Figure 1.43.  The filters described above applied to a ‘noised’ image of Marilyn 
Monroe, showing how they smooth and enhance the signal.  It is interesting to note 
the detail of the dress and how some filters are able to maintain and enhance this fine 
information. 
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1.5. Project Aims and Objectives 
In striated muscle, thin filaments of opposing polarity are anchored within a complex 
mesh in the Z-disc bridging adjacent sacromeres.  During muscle contraction under 
passive tension, stability within the Z-disc is provided by layers of α-actinin linking thin 
filaments to form a tightly bound lattice in the Z-disc.  The arrangement of the thin 
filaments is therefore vital for the Z-disc integrity, as well as being integral to muscle 
development and the transition of the thin filament lattice to a hexagonal array in the 
A-band.  The homodimeric α-actinin molecule has a rigid rod domain and so it is the 
flexibility within the head regions that determines the lattice spacing in the Z-disc.   
Some involvement in the Z-disc lattice spacing may be attributed to the many other 
proteins localised to the Z-disc.  Some of these, such as titin, are known to interact 
with α-actinin (Young et al., 1998) and F-actin (Sanger and Sanger, 2001) and can 
potentially affect the shape and binding properties of the two molecules. 
Furthermore, the shape of the lattice will determine the position and orientation of 
the proteins situated within the Z-disc thus affecting the interaction between 
molecules and potential substrates.   This is particularly relevant for muscle 
development as, at an early stage, components are recruited to the Z-disc assisting in 
the polymerisation of thin filaments (Wang et al., 2005).  Nebulin is involved in control 
of the length of the thin filament (Littlefield and Fowler, 2008) and there is evidence 
that titin forms a molecular scaffold from the Z-disc to the M-line (Sanger et al., 2005).  
With the thin filaments transforming from square at the Z-disc to hexagonal in the A-
band, the Z-disc lattice has to have a shape that can accommodate the structural 
transition.  In transverse sections, striated muscle thin filaments within the Z-disc have 
a square lattice appearance.  This has been apparent since early studies with electron 
microscopy but it has become debatable whether it is a perfect square.  Pringle 
(1968), through geometric calculations, developed a Z-disc model based on a 
rhomboid lattice with an internal angle of 81.5°.  This shape allows each thin filament 
to transform across an equal distance from the Z-disc to the A-band with an infinitely 
sized array possible.  This has been accepted by many to be the true Z-disc lattice 
shape but research is required to validate this model.  In this project I have used 
electron microscopy to determine the Z-disc unit cell shape for small square and 
CHAPTER 1 
 
61 
 
basket weave Z-disc lattice types.  From this a greater understanding should be 
possible of the organisation required for a strong durable complex, where associated 
proteins can interact and function effectively. 
 
Electron microscopy of transverse sections reveals two appearances of the Z-disc, the 
small square and the basket weave lattice.  Both have been found in skeletal and 
cardiac muscle, with the type dependent on the contractile state of the muscle.   
Skeletal muscle has been shown to exhibit a small square lattice at rest whereas 
unstimulated cardiac muscle has a basket weave lattice (Schroeter et al., 1991).  With 
the Z-spacing larger for the basket weave lattice, it is important to understand how 
the α-actinin molecules are able to rearrange to produce the different lattice types 
(Goldstein et al., 1990).  It has been shown for cardiac muscle that passive tension is 
inadequate for Z-disc lattice change and that active tension is required (Goldstein et 
al., 1989).  This could provide a system to protect against and compensate for 
overstretching or excessive muscle stress.  Previously 3-D reconstructions of the Z-disc 
of vertebrate muscle (Luther, 2000; 2002), roach fish body muscle (Luther, 1991) and 
nemaline rod Z-disc (Morris et al., 1990) have been generated using conventional 
electron microscopy and Fourier techniques.  There is also a 3-D reconstruction of rat 
soleus muscle Z-disc generated using single axis tomography (Schroeter et al., 1996).  
These have all had a lower resolution than is achievable by dual axis electron 
tomography. I have therefore used this latter technique to generate more precise 
reconstructions.  This has allowed improved comparison between the two lattice 
types (basket weave and small square) and helped with possible explanations as to 
how a transformation from one to the other can occur.  With more detailed 
reconstructions, other components of the Z-disc should be visible and therefore can 
be studied and compared between the lattice types. 
 
From the square or nearly square lattice in the Z-disc, the thin filaments transform 
into a hexagonal lattice in the A-band.  How the lattice transformation occurs is not 
well studied but it is known to be important in muscle function.  It is my view that a 
square lattice is required in the Z-disc for strong durable structure when linked with α-
actinin molecules, and a hexagonal lattice exists in the A-band to maximise the surface 
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area interaction between the thick and thin filaments.  As a consequence the lattice 
transition must occur in such a manner so as not to inhibit the thick filaments as the 
thin filaments move into the A-band during muscle contraction.  There is evidence 
that the thin filament interacts with titin within the I-band as well as the Z-disc (Lim 
and Sawyer, 2005).   Therefore the thin filament transformation could affect the 
position of the titin within the I-band and its spring properties.  The function of some 
of the repeated molecular units that run the length of the thin filament could 
potentially be affected at particular sites of the thin filament lattice transition.  The 
proteins involved include tropomyosin, troponin and nebulin/nebulette which may 
have an altered interaction, be re-positioned or obscured by the thin filament. By 
studying how the thin filaments transform from one lattice configuration to the other 
it should be possible to determine if there are regions within the I-band that have 
varying degrees of transition and how this relates to muscle contraction.   
 
Variable thin filament lengths have been found in cardiac muscle in contrast to the 
constant lengths in skeletal muscle.  This difference is important in the physiological 
roles of each muscle type.  The thin filament length variation in cardiac muscle is 
believed to be due to low levels of nebulin with expression of the more common 
truncated isoform nebulette.  It would be interesting to discover how this affects the 
thin filament lengths in cardiac muscle when compared to skeletal muscle.  Previous 
research on this topic has been undertaken but with a limited resolution using serial 
sections (Robinson and Winegrad, 1977; Robinson and Winegrad, 1979) and 
distribution deconvolution analysis of fluorescence images (Littlefield and Fowler, 
2002).  With electron tomography the resolution can be greatly improved producing 
far more precise measurements. 
 
 
1.5.1. Project Aims 
The overall aim of the project was to undertake structural studies of striated muscle 
using Fourier analysis and electron tomography to improve our understanding of the 
Z-disc lattice and the length and arrangement of thin filaments within the sarcomere 
and I-band respectively.  These can be broken down into four areas as given below. 
CHAPTER 1 
 
63 
 
 
The initial aim of the project was to determine whether cardiac muscle Z-disc has a 
square lattice or a rhomboid as proposed by Pringle (1968).  This involved Fourier 
analysis of EM data from rat cardiac muscle small square Z-disc as well as Atlantic 
midshipman fish sonic muscle chosen for its distinct basket weave z-disc.  Special 
techniques were used to correct for distortion in images of the Z-disc lattice caused by 
sample preparation.   Lattice shapes were then determined for each muscle type and 
comparisons of the Z-disc made. 
 
To study the Z-disc lattice configuration, sub-tomographic averaging was performed 
on Z-disc tomograms of rat cardiac and Atlantic midshipman fish sonic muscle.  This 
approach was used to give improved resolution structures allowing individual 
components of the Z-disc to be resolved.  The arrangement of Z-links (α-actinin) was 
studied and compared for both muscle types.  This was used to help in understanding 
how Z-disc lattice can be interchangeable between basket weave and small square. 
 
The path of thin filaments from a Z-disc to the A-band was studied using serial section 
reconstruction and electron tomography, in an attempt to discover more about the 
transition from the square/rhomboid to the hexagonal lattice.  This also allowed us to 
find if the transition is constant throughout the I-band or if there is some regions 
where the transition is more prominent.  Previous research has been limited in 
resolution through the use of serial sections but with the development of electron 
tomography it should be possible to increase the resolution considerably.   
 
The variable thin filament lengths in cardiac muscle were studied against the constant 
lengths in skeletal muscle using electron tomography.  From these, precise 
measurements were achievable allowing the determination of the full extent of thin 
filament variation in cardiac muscle.  
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1.5.2. Objectives 
To accomplish the project aims the following objectives were set; 
1. Fourier analysis of the Z-disc. 
2. Comparison between the small square and the basket weave Z-disc lattices 
using sub-tomographic averaging. 
3. Study of the transformation from a square to hexagonal lattice within the I-
band. 
4. Comparison between the variable thin filaments lengths in cardiac muscle and 
the uniform thin filaments lengths found in skeletal muscle. 
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CHAPTER 2. MATERIALS AND METHODS 
 
 
 
 
 
 
2.1. The Preparation of Muscle Tissue for Electron Microscopy 
 
2.1.1. Dissection of Papillary Muscle 
Both mice and rats (Sprague – Dawley)  were sacrificed by either pentajet injection or 
cervical dislocation and the hearts removed from the bodies directly into Krebs 
solution (94.5mM NaCl, 5mM KCl, 25mM NaHCO3, 1mM Na2HPO4, 1mM  MgSO4·7H20, 
10mM NaCH3COO, aerated until pH of ~7.4 before adding 9mM CaCl2 and 15.2mM 
glucose) with 30mM 2,3-butanedione monoxime (BDM) (Li et al., 1985).  An incision 
was made though the heart walls into the right ventricles, and using a plastic pipette 
Krebs/BDM solution was flashed through the incision to remove the blood. Papillary 
muscles were dissected using a scalpel, and left in oxygenated Krebs for 30 mins.  
 
 
2.1.2. Dissection of Plaice Fin Muscle 
Fin muscle of Teleost flatfish plaice (Pleuronectes platessa) was prepared by Dr 
Pradeep Luther using methods described in Luther (1995). 
 
 
2.1.3. Dissection of Atlantic Midshipman Fish Sonic Muscle 
The Atlantic midshipman fish sonic muscle was prepared by Dr Pradeep Luther using 
methods as described in Lewis et al (2003). 
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2.1.5. Fixation and Embedding of Specimens 
Muscle samples were fixed in 3% glutaraldehyde in Krebs for 1 hr followed by 1% 
aqueous osmium tetroxide for 1 hr at room temperature.  This was followed with 
dehydration using the following acetone dilution series; 50%, 70%, 80%, 90%, 95%, 
100% (dry acetone), each for 10 mins.  After the final dehydration step, the samples 
were left in a solution of 1:1 dry acetone and Araldite CY 212 (11.5g Araldite, 11g 
DDSA, 0.6g BDMA) overnight in a sealed glass sample bottle.  The next day the lid of 
the sample bottle was removed to allow the acetone to evaporate for 2 hrs on a 
rotating platform before replacing with fresh Araldite and leaving for a further 1 hr.  
The samples with Araldite were incubated for 30 mins at 50°C before replacing with 
fresh Araldite and incubating at the same temperature for a further 30mins.  The 
pieces of muscle tissue were then removed from the Araldite mixture and placed onto 
a plastic sheet where the pieces were cut using a scalpel into smaller pieces of ~ 
2mm3.  Each piece was put into fresh drops of Araldite and incubated at 65°C for 1hr.  
Fresh Araldite was added on to each piece before also incubating at 65°C for 1hr.  
After this time the Araldite drops were sticky with reduced viscosity due to some 
polymerisation, this allowed the muscle pieces to be easily orientated for longitudinal 
or transverse study.  Specimen labels were printed and put into capsules, which were 
then filled with Araldite and inverted on top of the muscle pieces.  After leaving for 
1hr to allow air bubbles to disperse away from the specimen, the capsules were put 
into the incubator at 65°C and left for 48 hrs. 
 
 
2.1.6. Cutting Sections and Staining for Electron Microscopy 
Sections ranging from a thickness of 50 to 300 nm were cut for the electron 
microscope from the araldite blocks using a Reichert-Jung Ultracut E ultramicrotome.  
Sections of ~500nm thickness were first cut using a glass knife and examined using a 
toluidine blue stain (1% toluidine blue and 3% borax) under a light microscope, to 
examine the morphology and any cutting imperfections.  For EM, the sections were 
cut using a diamond knife and carefully picked from the knife trough by pulling the 
grid up from underneath.  Copper thin bar HEX 700 grids used.  They were cleaned by 
washing in acetone and acetic acid before the sections were applied.  When the 
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section had dried onto the grids, a positive stain was applied by first placing the grids 
into a drop of 1:1 2% uranyl acetate:ethanol for 30 mins followed by rinsing in distilled 
water.  Then the grids were placed in a drop of Reynold’s lead citrate (Reynolds, 1963) 
for 30 mins.  A final distilled water wash was done to remove any excess lead citrate.  
 
 
2.1.7. Application of Fiducial Markers 
Electron tomography first required alignment of the tilt series to a common origin.  
One method of alignment is by applying fiducial markers to the sections.  Colloidal 
gold fiducial marker solutions were prepared by the method of Slot and Geuze (1985).  
First, two solutions were made: (i) gold chloride solution made from 1 ml 1% HAuCl4 + 
70 ml distilled water and (ii) reducing mixture made from 4 ml 1% tri-sodium 
citrate.2H2O with a varying quantity of 1% tannic acid and 25mM K2CO3 and the final 
volume made up to 20 ml with distilled water.  Both solutions were heated to 60oC on 
a hot plate and quickly combined.  When a colour change to red was observed, the 
solution was further heated to boiling to cease any further reaction.  The amount of 
tannic acid in the reducing mixture determines the size of colloidal gold particles, with 
smaller quantities harvesting larger particles (table 2.1 and figure 2.1).  The 15 nm 
particle solution used required 0.02 ml of tannic acid and the 10 nm required 0.05 ml.  
15 nm fiducial markers were applied to the sample side of the grid and 10 nm to the 
other side; both were applied for 8 mins for good coverage. 
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Table 2.1 and Figure 2.1.  Table and graph showing the gold particles sizes and the 
amount of tannic acid required to create them. 
 
 
2.2. Electron Tomography Data Collection 
For the collection of tomographic tilt series data, two electron microscopes were used: 
the JEOL JEM1200EX and the Philips CM200.  For both, the image acquisition software 
used was Teitz EM-Menu version 3.0 and later 4.0.  For both microscopes it was 
essential to perform a flatfield operation to remove CCD detector noise artefacts 
before collecting tilt series data.  The grids were searched carefully at varying 
magnifications to find an appropriate area suitable for tomography.  This required a 
region of well preserved muscle, located in a position on the grid which allowed a high 
tilt range usually close to the grid centre and with more than six gold particles.  When 
these criteria were met, the z-height of the holder was adjusted to ensure that the 
holder tilt axis was as close to the area of interest as possible.  Before collecting data, 
the area to be examined was exposed to the electron beam for 10 mins to give an 
electron dose of about 100e-/Å2 (Trachtenberg et al., 2000) to allow for the full extent 
of sample shrinkage.  From this point each microscope required special procedures to 
acquire the images for a tilt series. 
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2.2.1. The JEOL JEM1200EX Electron Microscope 
Tomographic image data on the JEOL JEM1200EX was collected on a Teitz 1K by 1K 
FastScan CCD camera at ×10000, ×15000 and ×20000 magnification (pixel size for each 
shown in table 2.2).  An exposure time of 3000ms was always used with the beam 
intensity modulated to give a constant mean image density close to 2000.  The tilting 
of the goniometer was controlled by a foot pedal, which was set to +60° at the start of 
data collection.  From this angle, an image was taken manually with 2° increments 
down to -60°.  For each image the focus was checked from the power spectrum and 
maintained with the first power spectrum zero at 50Å.  Also the mean intensity of 
each image corresponding to electrons detected by the CDD camera was checked. 
 
A rotation-tilt holder was used with the JEOL JEM1200EX allowing the grid to be 
rotated 90o within the microscope.  This allowed the collection of tomography data for 
the corresponding perpendicular tilt axis, without the need for external manipulation. 
 
As an important parameter for the electron tomography, the CCD pixel size was 
required for the different magnifications that were to be used.  This was calculated 
using a calibration grid with a line grating with 2160 lines/mm.  The distance between 
each line on the grid was 462.96nm.  By taking images at different magnifications and 
measuring the number of pixels between each grid line the following was calculated. 
 
Magnification Pixel Size (Å) 
5,000 19.92 
10,000 11.83 
15,000 7.86 
20,000 5.91 
Table 2.2.  CCD pixel size at the given magnifications 
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2.2.2. The Philips CM200 Electron Microscope 
The samples were loaded into a Gatan 916 room temperature tomography holder.  
The imaging was done initially on a 1K by 1K CCD camera before it was upgraded to a 
4K by 4K CCD camera (Teitz TemCam-F415).   
 
For the 1K by 1K CCD camera, the Teitz EM-Menu 3.0 software was used with 
magnifications of × 17,500 and × 20,000.  The beam intensity was set to 0.5s and a 
dynamic exposure scheme was used to maintain constant image intensity throughout 
the tilt series.  This was set by finding the required exposure time at 0o and at the 
maximum tilt angle to give an image intensity of 2000.  The maximum range of tilt 
angles were provided to the software along with tilt increment size of 2° using either 
the Saxton or the linear scheme.  The auto-focus was calibrated and set to 5000 nm 
under focus.  The exposure mode position was set over the area of interest with a 1K 
by 1K camera resolution, and the focus and tracking modes were positioned on either 
side of the tilt axis as shown in figure 2.2 at a reduced resolution of 0.5K by 0.5K.  The 
search mode was not used.  The tilt series acquisition was initiated starting from the 
highest positive tilt. 
 
The 4K by 4K CCD camera was used with the Teitz EM-Menu 4.0 software at a 
magnification of × 27,500.  The procedure for the software and microscope was similar 
to the 1K by 1K camera using the exposure, focus and tracking modes along the tilt 
axis as shown in figure 2.2 but with the additional search mode set on.  The exposure 
mode was positioned over the area of interest and a camera resolution of 4K by 4K or 
2K by 2K was used.  The tracking and focus modes were positioned either side of the 
exposure mode and were set to 1K by 1K (figure 2.2).  The auto-focus was set to a 
defocus of 6000nm.  The search mode was set to a magnification of × 8800 and 
appropriate constant exposure times were set for each mode to give an image 
intensity of approximately 22,000 at 0o tilt.  With a linear tilt increment size scheme of 
2°, the initial tilt angle along with the end tilt angle were entered.  After the tilt series 
acquisition was started, the first few images were observed in case of any errors. 
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Figure 2.2.  The position of the different exposure modes along the tilt axis used for 
tomography with the Philips CM200 electron microscope.  The separation between the 
points is set arbitrarily, with the size of the search mode dependent on the 
magnification. 
 
The Gatan room temperature tomography tilt holder 916 used for data collection on 
the Philips CM200 EM is a single tilt-axis holder.  Therefore for the perpendicular axis 
the holder had to be removed from the microscope and then the grid had to be 
rotated through 90o manually with tweezers. 
 
 
2.3. Dual Axis Alignment & Backprojection 
The IMOD tomography suite was used for alignment and back projection of the tilt 
series.  The programs within the suite used were; 3dmod to visualise image data, 
tif2mrc to convert tiff images into MRC format, newstack to change the MRC format 
type and to average the mean and standard image intensity, etomo to align tilt 
projections, produce tomograms, join serial tomograms and for subtomographic 
averaging. 
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2.3.1. Dual Axis Tomography with IMOD 
The 16-bit tiff tilt image files obtained for two perpendicular data sets were converted 
into two MRC format stacks using tif2mrc.  They were then modified to floating point, 
with the image mean and standard deviation averaged for all the images in the stack 
using newstack.  For the software to align the images, a file was created listing the tilt 
angles used and the dual axis alignment software etomo was initiated.  The first step 
using this program was to create an initial image alignment through cross correlation.   
This was followed by the production of a fudical marker map by picking gold particles 
and allowing the software to track automatically their trajectory throughout the stack 
as shown in figure 2.3. 
 
 
Figure 2.3. (a) Circled fiducial markers picked in IMOD (b) The trajectory of each of the 
gold particles picked in (a) throughout the entire image stack 
 
The most important step follows with the refinement of the fiducial model.  Over a 
number of iterative steps the software performs geometric calculations giving 
recommended fiducial model improvements.  By examining and using some or all of 
the recommendations, the overall calculated fiducial model error can be reduced to a 
suitable level where accurate alignment is implied (mean error < 0.5).  A cropped 
initial backprojection is produced, and in the XZ plane boundaries are modelled by 
hand for the edges of the specimen.  This is done for each of three slices the top, 
middle and bottom.  This determines the thickness of the sample, the offset and any 
(a) (b) 
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tilt relative to the X-axis which may occur in the final projection.  The final alignment 
image stack is produced and checked for any misalignment.  This stack can be lowpass 
filtered or can be directly backprojected using the weighted scheme. 
 
Having obtained a weighted backprojection for both tilt axes, the etomo software was 
used to combine the data.  The software does this by comparing the fiducial maps and 
cross correlating blocks of image data between the backprojections.  When a suitable 
match is made the dual axis tomogram is calculated.  With some of the volume 
containing empty data, the final step was to crop out the useful data representing the 
specimen.   
 
 
2.4. Sub-Tomographic Averaging with PEET 
PEET (Particle Estimation for Electron Tomography), a modular part of IMOD’s etomo 
program, was used to produce averaged 3D images of repeating entities (particles) 
within the tomograms.  The tomograms were opened with 3dmod, and using the 
modelling mode, single points were placed for the centre of each particle to be used in 
the averaging algorithm.  When satisfied with the picking of particles etomo was 
initiated and the PEET module accessed from the menu.  The tomogram/s and 
corresponding particle model/s were chosen within the software.  A reference particle 
to which all other particles would be compared was picked subjectively based on the 
quality of the structure in terms of the signal to noise ratio (S/N).   The angular search 
range and increment size were entered as values of phi, theta and psi.  With 
translational search parameter set for the shift along the X, Y and Z-axis.  To improve 
the cross-correlation matching between the particles a high-pass filter parameter was 
set for each averaging run with the cutoff set to 0.15 cycles/pixel and the offset to 
0.05 cylcles/pixel.  The size of the particles was set along with the number of average 
volumes to be output at the end of the PEET algorithm process.  The software was 
then left to run which took days and sometimes weeks to complete, depending on the 
complexity of the parameters.  For this reason, a fast computer based on a quad-core 
processor was used. 
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2.5. Data Analysis 
Owing to the large file sizes, it was convenient to be able to extract boxed regions of 
interest from the tomograms; this was done using IMOD’s newstack.  Interfering noise 
common with tomography sometimes made it hard to interpret the true image data 
represented, therefore image processing was required.  To help de-noise the data 3D 
Gaussian operations were applied along with non-linear anisotropic diffusion (NAD) 
filter (Frangakis and Hegerl, 2001).  For three dimensional visualisation of the 
tomographic data Chimera was used (Goddard et al., 2007; Pettersen et al., 2004).  For 
the modelling of muscle filaments within the tomograms 3dmod was used.  The slicer 
mode allowed real-time visual rotation of the tomographic volumes around the X, Y 
and Z-axis. 
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CHAPTER 3. IS THE Z-DISC LATTICE SQUARE OR 
RHOMBOID? 
 
 
 
 
3.1. Introduction 
My first objective was to examine and evaluate the arrangement of the thin filament 
lattice in the Z-disc in order to determine if the filament configuration is a square or a 
rhomboid lattice as proposed by Pringle (1968).   The reason to determine this 
physiological feature is to help further our understanding of the many crucial roles the 
Z-disc plays within the sarcomere.  These include interconnecting adjacent sacromeres 
to give integrity to the I-band under passive tension as well as forming an initial 
architecture for muscle assembly.  The Z-disc is a large complex of molecules, which 
are positioned in accordance with the thin filament lattice arrangement.  The thin 
filament arrangement is therefore vital to allow these to interact and function 
effectively.   It has been shown that for the two Z-disc lattice forms generated by the 
linkage of thin filaments by Z-links (figure 3.2), the Z-spacing and A-spacing are larger 
for basketweave than for the small square (Goldstein et al., 1989; Schroeter et al., 
1991).  It is possible that not only does the lattice size change but also the angle 
between filaments for the different lattice types.  In this study I examine the small 
square lattice in rat papillary muscle and the basketweave lattice in Atlantic 
midshipman fish sonic muscle Z-disc.  These samples were selected because of the 
quality of the muscle and Z-disc lattice preservation. 
 
The square or rhomboid arrangement of the thin filaments for any muscle has yet to 
be accurately determined by electron microscopy.  The reason for this is primarily due 
to structural distortion that arises from specimen preparation.  When looking for the 
source of this hindrance the fixation process can be excluded as a major cause.  When 
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comparing X-ray diffraction with electron microscopy measurements, it has been 
shown that lateral shrinkage in the Z-disc of up to approximately 25% occurs owing to 
fixation (Irving and Millman, 1992).  This shrinkage is uniform hence the lattice shape 
remains the same.  Therefore we can assume the sectioning of the specimen to be the 
main cause of lattice distortion.  Since the knife moves straight down the block face 
the compression caused is linear (Sader et al., 2007; Studer and Gnaegi, 2000).  This 
problem can be overcome by using visible knife marks to establish the direction, and 
Fourier analysis to find the extent of the knife compression.     
 
 
3.1.1 Midshipman Fish 
Midshipman fish are named after the appearance of photoreceptors which they use to 
attract prey looking similar to buttons on the uniform of naval personnel.  Male 
midshipman fish (Porichthys notatus) produce a sound from their swimbladders during 
mating season to attract females.  The humming sound is in the range of 95- 100-Hz 
and is generated by super fast contraction of the sonic muscle, which can last up to 
one hour (Bass and McKibben, 2003).  The fish with a dissected swim bladder are 
shown in figure 3.1.  The sonic muscle has a morphology unique to type I midshipman 
fish which differs from that found in type II male and females of this species.   In type I 
the fibres contain a tubular arrangement with radially positioned myofibrillar plates.  
The unique feature of this muscle is the very broad Z-disc which measures ~1.2µm as 
seen in figure 3.2 (Nahirney et al., 2006). 
CHAPTER 3 
 
77 
 
 
Figure 3.1.  Sonic muscle within the swimbladder of adult type I midshipman fish.  (a) 
The fish.  (b) Position of the swimbladder.  (c) The swimbladder with the sonic muscle 
(SM) on either side.  Figure adapted from Lewis et al (2003) and Nahirney et al (2006). 
CHAPTER 3 
 
78 
 
 
Figure 3.2.  Type I midshipman fish sonic muscle.  (a) The A-band and (b) the Z-disc as 
seen in transverse sections.  (c) Longitudinal section with the large Z-disc seen at 
higher magnification in (d).  (e) The Z-disc in relaxed skeletal muscle is short compared 
to the large Z-disc seen in (f) the sonic muscle of type I midshipman fish.  Figure 
adapted from Lewis et al (2003). 
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3.2. Methods 
3.2.1 Correction of Knife Compression of the Z-disc for Images Taken on a Philips 
CM200 EM 
Using the Philips CM200 FEG electron microscope, low magnification (3800x) and high 
magnification (27500x) 4K by 4K CCD images of transverse sections of the A-band and 
Z-disc were acquired within the same grid space, some with a visible knife mark.  A low 
magnification image was recorded and the direction of a visible knife mark was 
determined using the ImageJ angle measure tool.  From this value the image was 
rotated so that the knife mark was vertical.   At this point the Fourier transform of the 
low magnification image was calculated generating an elliptical ring in Fourier space 
representing the combined spatial frequencies originating from the different 
sarcomeric regions visible at low magnification.  A circular shape would be obtained if 
there was no distortion of the section by the knife.  The extent of the distortion can be 
calculated by dividing the height of the ellipse by the length.  The calculated value was 
applied as a size factor and used to scale up the image height of the rotated image. 
The Fourier Transform of the corrected image was checked to see if it exhibited a 
circle and when satisfied with the correction the high magnification pictures were 
examined.  Owing to the change in lens current when changing magnification, the 
direction electrons spiral around the optical axis along the course of the EM column 
also changes.  Therefore image rotation arises (as described in the introduction), 
giving different projected direction of the knife marks at different magnifications.  At 
high magnification it was hard to see the knife marks and so an indirect approach had 
to be pursued.  This involved using part of the tomography calibration for the Philips 
CM200 EM which provides the facility to calculate and store the direction of the tilt 
axis. Using these values, the image rotation from 3700x to 27500x was calculated.  
This value, which included the direction of the low magnification knife mark, was used 
to rotate an A-band image so that the direction of a knife mark would be vertical.  The 
previously calculated stretch factor was applied to the image height, and the Fourier 
transform applied and compared with that of the original image.  As the A-band lattice 
gives an hexagonal array in Fourier space the corrected image transform should have a 
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far more symmetrical shape.  When this was satisfied, the same rotation and stretch 
was applied to images of the z-disc.   
 
 
3.2.2 Correction of Lattice Distortion of Z-disc Images Collected on JEOL JEM1200EX 
EM 
Using the JEOL JEM1200EX electron micrographs of the A-band and I-band, cross-
sections were recorded directly onto negative film.  Some of the images had knife 
marks; from these the direction and extent of lattice distortion was calculated.  A 
similar method was followed as described in section 3.2.1 except that no adjustment 
for changes in image rotation was required as only a single magnification was used.   
 
 
3.2.3 Measuring the Z-disc Lattice Angle from Corrected Lattice Electron 
Micrographs. 
Regions were cropped from the original and corrected images and the Fourier 
transforms calculated.  From the Fourier transforms two angles were recorded 
between points corresponding to the thin filaments lattice as shown in figure 3.3.  The 
absolute value of the deviation from 90° was measured for both angles and averaged 
to give a more accurate representation of the lattice angle within each image. Figure 
3.4 shows the corresponding points for a basketweave and square. 
 
 
Figure 3.3. How the angular measurements are made.  (a) small region of square z-
disc cropped from large micrograph image.  (b) The measurement of an lattice angle 
measured in Fourier space with (c) the adjacent angle measured. 
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Figure 3.4. (a) to (c) Basketweave lattice, (d) to (f) small square lattice.  (a) Diagram of 
the basketweave lattice which is oriented in the same direction as (b) an EM image of 
the basketweave lattice with (c) the Fourier transform with the points marked in red.  
(d) Model of the small square lattice with the lattice positions labelled in a similar way 
to (e) an EM image of a small square lattice.  The Fourier transform of the small square 
lattice is shown in (f).  For (a) and (d) the black circles represent thin filaments from 
one sarcomere, with thin filaments from an opposing sarcomere as white circles.  Scale 
bar = 20 nm. 
 
 
3.3. Results 
3.3.1 The Thin Filament arrangement in the Rat Papillary Muscle Small Square Z-disc 
Lattice 
Rat papillary muscle fixed conventionally, was cross-sectioned for ~100nm sections 
and positively stained as described in the Methods.  The 4K by 4K CCD images of the I 
and A-band regions were collected at × 3,800 and × 27,000 magnifications on a Philips 
CM200 EM.  The low magnification images were rotated so that the knife mark was 
vertical.  The stretch factor was determined from the Fourier transform as described 
earlier.  The rotation and stretch factor were applied to the images of the A-band to 
correct for the knife compression; this is shown in figure 3.5.  
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Figure 3.5.  Knife distortion 
correction for a rat papillary 
muscle specimen with (a) the 
direction of the knife mark is 
highlighted with a dotted line 
(b) a low magnification (× 
3,800) EM image with (c) the 
Fourier transform.  (d) The same 
image shown in (b) rotated and 
stretched to correct for 
distortion with (e) the corrected 
Fourier transform. (f) High 
magnification (× 27,500) image 
of the hexagonal lattice A-band 
with (g) a zoomed in image of 
the Fourier transform.  (h) The 
A-band image with the 
distortion corrections applied, 
(i) the corresponding Fourier 
transform.  
 
CHAPTER 3 
 
83 
 
At × 3,800 magnification the knife distortion correction can be seen to be successful in 
figure 3.5 (e) as the Fourier transform gives a circular shape.  Using the same 
correction also works well with × 27,500 image of the A-band giving a Fourier 
transform with a more uniform hexagonal pattern (figure 3.5 (i)).  After the A-band 
lattice was corrected to give an approximately uniform hexagonal lattice the same 
correction parameters were applied to I-band lattice data, as shown in figure 3.6.  
 
 
Figure 3.6.  Comparison of the rat papillary muscle square Z-disc lattice with (a – d) no 
knife distortion correction applied and (e – h) with correction.  (a) and (e) are the 
micrograph images. (b) and (f) cropped Z-disc regions;  (c) and (g) corresponding 
Fourier transforms.  (d) and (h) are measurements from the Fourier transform 
represented as a ratio. 
 
 It can be seen from figure 3.6 (h) that the knife distortion correction gives more 
consistent lengths between thin filaments within the square lattices.  Further Z-disc 
areas were cropped from six knife mark-corrected and non-corrected images of the I-
band.  Angles were measured from the Fourier transforms as described in section 
3.2.3 and the data collated together as shown in figure 3.7. 
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Figure 3.7.  A comparison between the distribution of measurements for the square 
lattice angles for non-corrected and corrected rat papillary muscle Z-disc images.   
 
From the distributions it appears that the lattice angles are highly variable in the 
uncorrected images but more consistent in the corrected images.  This implies that the 
correction was successful giving a more consistent lattice angle.  From the 
measurement taken the mean rat papillary Z-disc angle for the uncorrected and knife 
distortion corrected data was calculated and is shown in table 3.1. 
 
Table 3.1. The mean rat papillary muscle Z-disc angle (mean ± standard error).  
 
 Non-corrected Data 
(Degrees) (n=23) 
Knife Distortion Corrected 
(Degrees) (n=23) 
Mean 82.99 ± 4.65 82.96 ± 2.94 
 
 
 
3.3.2 The Thin Filament arrangement in the Midshipman Fish Sonic Muscle 
Basketweave Z-disc Lattice 
The Z-disc lattice angle was measured in Atlantic midshipman fish sonic muscle (figure 
3.8).  It has a uniquely large Z-disc exhibiting a basketweave lattice, which allowed for 
precise measurements to be made. 
 
Distribution of Z-disc Lattice Angles Calculated for Rat Papillary Muscle 
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Figure 3.8.  Electron micrograph of the Atlantic midshipman fish sonic muscle Z-disc. 
 
The same process for knife distortion correction was applied to images for 
midshipman fish sonic muscle with a basketweave Z-disc.  The uncorrected and 
corrected Z-disc images are compared in figure 3.9. 
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Figure 3.9. (a – c) TEM image data with no knife distortion correction which is 
compared to (d – f) with correction for midshipman fish sonic muscle Z-disc.  (a)  and 
(d) are cropped images of a region of basketweave Z-disc.  (b) and (e) respective 
Fourier transforms and (c) and (f) measurements between the points in the Fourier 
transforms representing a single Z-disc lattice unit.  Setting the length as one, the 
height is represented as a corresponding ratio.   
 
The correction appears to be successful by giving more uniform distances between 
thin filaments but it also appears to have given a square lattice rather than a 
rhomboid.  Using the non-corrected and corrected image data, measurements were 
made from the Fourier transforms of cropped regions of the Z-disc (figure 3.10) as 
described in section 3.2.3. 
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Figure 3.10.  Distribution of angular measurements taken from the Fourier transform 
of the corrected and non-corrected data from Midshipman fish sonic muscle Z-disc.   
 
The non-corrected data gave a wider spread of lattice angles that the corrected data.  
The corrected results also indicate a lattice angle of approximately 90° indicating a 
square lattice opposed to the previously assumed rhomboid lattice shape.  The mean 
Atlantic midshipman fish sonic muscle Z-disc angle for the non-corrected and knife 
distortion corrected data was calculated and is shown in table 3.2. 
 
Table 3.2. The mean Atlantic midshipman fish sonic muscle Z-disc angle (mean ± 
standard error). 
 Non-corrected Data (Degrees) 
(n=31) 
Knife Distortion Corrected 
(Degrees) (n=31) 
Mean 85.26 ± 2.55 88.40 ± 1.05 
 
 
3.3.3 Atlantic Midshipman Fish Sonic Muscle Z-disc Domains and Dislocations 
From the data obtained and described above, there is an apparent difference in the 
thin filament lattice configuration between the two types of muscle studied.  The data 
are consistent with a rhomboid lattice for rat cardiac muscle, and a square lattice for 
midshipman fish sonic muscle Z-disc.  From close inspection of Midshipman fish sonic 
muscle we discovered that the Z-disc is broken up into different domains.  The borders 
of these domains were found to be close to holes in the Z-disc.  It was also noted that 
the many of the domains appeared to have slight difference in the orientation of the 
Z-disc lattice.  This finding which has not been previously documented could account 
for how a square lattice can exist as it has been shown geometrically that with a 
Distribution of Z-disc Lattice Angles Calculated for Midshipman fish Sonic Muscle 
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square rather than a rhomboid configuration the thin filaments can only transform to 
a hexagonal A-band lattice over a limited range (Pringle, 1968). 
 
Figure 3.11.  Sonic muscle with Z-disc domains highlighted in red. 
 
The Atlantic midshipman fish sonic muscle Z-disc domains as shown in figure 3.11 
were found to have dimensions longer in one direction than the other.  The number of 
square lattice unit cells (simplest single lattice cells made up of four actin filaments) 
were measured for the width and height of 35 Z-disc domains.  This was done by 
counting the number of lattice unit cells by hand in each direction across the domains.  
The mean for the longest and shortest dimensions is shown in table 3.3. 
 
Table 3.3. Atlantic Midshipman fish sonic muscle Z-disc domain sizes (Z-lattice units-
cells) from 35 measurements.  Data are as follows; mean ± standard error. 
 
 Number of square lattice units 
within a Z-disc domain across the 
longest dimension (n=35) 
Number of square lattice units 
within a Z-disc domain across 
shortest dimension (n=35) 
Max 27 19 
Min 7 5 
Mean  14.5 ± 4.1 10.3 ± 3.3 
Total 
Mean  
    12.4 ± 4.2  
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Further to the notion of a square lattice in the midshipman fish sonic muscle Z-disc, 
dislocations were found as highlighted in figure 3.12.  This is where Z-links within the 
Z-disc lattice unit-cells merge cutting off Z-disc regions.  The dislocations appeared to 
occur at points were there are holes within the Z-disc. 
 
 
Figure 3.12.  Dislocations highlighted within sonic muscle Z-disc where Z-links between 
actin filaments diverge cutting off other Z-link patches. 
 
 
To test the existence of a square lattice opposed to the rhomboid for the thin filament 
lattice transformation over the I-band to a hexagonal lattice in the A-band, the two 
lattice shapes were overlaid as shown in figure 3.13.  In the model the same number 
of thin filaments in two square lattice units equals that of a single hexagonal lattice 
unit.  Therefore we expect the area occupied by two square lattice units to be the 
same as one hexagonal unit as both the Z-disc and A-band occupy the same cross-
sectional area size in myofibrils.  To fit the hexagonal over the square lattice it was 
rotated ~14° anticlockwise to give the best match that would allow for the largest 
theoretical extension of Z-disc.  A size limit was imposed over the number of thin 
filaments that could transform from the square Z-disc lattice to the hexagonal A-band 
lattice; when a pair of square lattice units are beyond the centre of the corresponding 
hexagonal counterpart it is too greater a distance for thin filaments to reasonably 
transform between the two.   The overlay created helped predict how the A/Z lattices 
may overlap and what kind of domain shape results.  
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Figure 3.13.  (a)  Overlay of a square and hexagonal lattice.  The yellow shading 
represents the predicted maximum extension of the Z-disc. When two square Z-disc 
units (represented as a rectangles) are beyond the centre of their hexagonal A-band 
unit counterpart it has been predicted to be too great a distance for a thin filament 
lattice transition.  (b) The shift of the thin filaments based on the acceptable regions in 
(a).  
 
 
From this overlay concept a 3D model was made using IMOD by modelling points 
between each lattice type, followed by stretching in the z-axis. This is shown in figure 
3.12. 
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Figure 3.14.  Model showing the transition from a square to a hexagonal lattice made 
from an overlay of the two lattice types based on figure 8.11.  (a) End view of square 
lattice (b) tilted view (c) side view (d) end view of hexagonal lattice.  For (b) and (c) the 
square lattice is on the right hand side, with the hexagonal on the left. 
 
 
3.4 Discussion 
By correcting distortion in electron micrographs and comparing lattice angles for rat 
papillary and Atlantic midshipman fish sonic muscle, the thin filament Z-disc lattice 
configurations were determined.  Interestingly, the data indicates a rhomboid thin 
filament arrangement for rat papillary muscle but a square arrangement for Atlantic 
midshipman fish sonic muscle.   
 
 
3.4.1 Small Square Z-disc Lattice 
After correction of knife distortion for rat papillary Z-disc as shown in figure 3.4, the 
thin filament lattice size calculated from the Fourier transform became more uniform.  
This indicates the correction applied to the images was beneficial, with further 
evidence to back this up shown in figure 3.7.  The histogram using 23 images to 
measure the Z-disc lattice shows a greater refinement as the data became more 
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representative of a normal distribution after the application of knife distortion 
correction.  The mean of the lattice angle measurements obtained is consistent with a 
rat papillary muscle Z-disc rhomboid lattice with an angle of approximately 83°.  The 
data for this muscle type fits well with the Pringle (1968) prediction of a rhomboid 
lattice.  Whereas he calculated 81.5°, I show an averaged lattice angle of ~83°.  Hence 
the thin filament lattice in rat papillary muscle must transform from a rhomboid Z-disc 
to the hexagonal A-band over a very large area. 
 
 
3.4.2 Basketweave Z-disc lattice 
The measurements made for sonic muscle are consistent with a square Z-disc lattice.  
Comparing image data between non-corrected and corrected data as shown in Figure 
3.9, the lattice unit appears squarer with more similar lengths between thin filaments 
after correction.  The distribution of the Z-disc lattice angles measured in figure 3.10 
becomes much narrower and closer to 90° after the correction has been applied.  The 
mean lattice angle from 31 measurements was calculated to be approximately 88.5°. 
The Z-disc lattice angle is therefore very different from that of the rat papillary muscle 
giving two different thin filament arrangements in the Z-disc.   
 
 
3.4.3 Domains and Dislocations in the Basketweave Z-disc Lattice 
It was shown by Pringle (1968) that if the Z-disc lattice angle is 81.5° then the lattice 
can transform into a hexagonal form over an infinite distance.  This poses a potential 
problem with the Z-disc lattice for the Atlantic midshipman fish sonic muscle as the 
lattice should be restricted to a small finite size.  From observations of sonic muscle 
using TEM as shown in figure 3.10, the Z-discs regions were found to be split into 
domains.  These small Z-domains can account for the limited extent of the Z-disc when 
the lattice angle is close to or is 90°.  The domains from 35 measurements were found 
to have a maximum length of 27 and a minimum of 5 Z-disc lattice cell units (these are 
~590nm and 110nm respectively).  As the Z-domains were found to have dimensions 
with one length longer than the other, the longer side was found to have an average 
of 14.5 ± 4.1 and the shortest 10.3 ± 3.3, with an overall average of 12.4 ± 4.2 Z-disc 
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lattice unit-cells.  At the border of the Z-domains, breaks in the Z-links were observed 
as dislocations as shown in figure 3.12.  These could exist as an artefact from the 
division of the Z-disc into the small Z-domains. 
 
A basic model of a proposed Z-domain is shown in figure 3.13 and 3.14, with a 
hexagonal lattice rotated over a square lattice to generate the best overlap.  A 
theoretical criterion was used, at the point where a pair of square lattice units where 
beyond the centre of the corresponding hexagonal counterpart it is no longer viable 
for a thin filament lattice transition.  As a consequence, the model cannot be used to 
determine the possible domain sizes but is useful for study of the shape of the 
domains.  The model was found to have a similar shape to the sonic muscle domains 
with one length longer than the other.  Further to the discovery of Z-domains, 
dislocations were observed, with series of thin filaments linked by Z-links being cut-
off.  We propose that this is almost certainly due to the existence of Z-domains with 
dislocation occurring at the border between domains. 
 
 
3.4.4 Summary and Further Work 
The two different thin filament lattice shapes found may be the standard 
arrangements in a small square and a basketweave lattice.  As the basketweave is 
known to have greater Z-spacing, it is also possible with a different arrangement of Z-
links that the thin filaments could also be positioned differently from that of a small 
square lattice (Schroeter et al., 1991).  There is also the possibility that the Z-disc 
basketweave lattice of Atlantic midshipman fish sonic muscle might be an isolated or 
specialised case. It raises some questions about the transformation between 
basketweave and small square Z-disc lattices, with both observed in cardiac and 
skeletal muscle (Goldstein et al., 1986; Goldstein et al., 1989; Goldstein et al., 1990).  
When the lattice changes from a small square to a basketweave Z-disc lattice, if the 
thin filaments were repositioned from a rhomboid to a square arrangement, domains 
would be expected to form.   As Atlantic midshipman fish sonic muscle has such a 
large Z-disc in longitudinal sections (~1µm), it is easier to observe domains compared 
with other muscle types.  An important experiment in the future would be to induce a 
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square lattice form into the sonic muscle Z-disc and to observe the extent of the Z-
domians. 
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CHAPTER 4. A COMPARISON OF THE SMALL 
SQUARE AND THE BASKET WEAVE Z-DISCS USING 
SUB-TOMOGRAPHIC AVERAGING 
 
 
 
 
4.1 Introduction 
Following from the study of the thin filament arrangement in the Z-disc, I generated 
reconstructions and models using the technique of sub-tomographic averaging to 
examine the two Z-disc lattice types.  These two lattice types arise from the 
interaction of Z-links (mainly α-actinin as described by Luther (2000)) between the thin 
filaments in the Z-disc.  The two distinct lattice shapes observed in transverse sections 
are the small square and the basketweave lattice.  Both lattice types have been 
visualised in cardiac and skeletal muscle, with the lattice type depending on the 
contractile state of the muscle (Goldstein et al., 1986; 1989; 1990).  At rest, 
basketweave lattice is found in skeletal muscle (Goldstein et al., 1990). In contrast, at 
rest cardiac muscle has the small square lattice present (Goldstein et al., 1989).  
Tetanised skeletal muscle or skeletal muscle in rigor skeletal exhibits a small square 
lattice. Cardiac muscle exposed to ethycol-bis (β-amino ethyl ether)-N,N,N’,N’-
tetraacetic acid (EGTA), a chelating agent that makes muscle relax, also has a small 
square lattice (Goldstein et al., 1989).   For both striated muscle types, use of Fourier 
enhancement techniques showed that the Z-spacing (distance between thin filaments 
from the same sarcomere within the Z-disc) is larger (~25nm) for the basketweave 
than for small square lattice (~20nm) (Goldstein et al., 1989; Schroeter et al., 1991).  
Therefore, there is some re-arrangement and re-positioning of the thin filaments 
within the Z-disc following transformation between the lattice types.  It has been 
shown in rats that the dimensions of the small square and basketweave lattice are 
very similar, if not the same, between skeletal and cardiac muscle (Goldstein et al., 
1989; Schroeter et al., 1991).  A possible reason for the different lattice arrangements 
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between the unstimulated striated muscle types is the nature of myosin-actin cross-
linking, which coincides with X-ray diffraction data showing evidence of myosin-actin 
interaction in cardiac muscle at rest (Matsubara and Millman, 1974).   This theory is 
further enhanced by results showing higher resting tension in cardiac compared to 
skeletal muscle (Gay and Johnson, 1967; Sonnenblick et al., 1967).  Overall, the 
mechanisms accounting for the re-arrangement of the Z-links and the thin filaments in 
the Z-disc to allow for the change in lattice appearance are not currently fully 
understood.  It has been suggested that the Z-disc lattice transition for both muscle 
types involves calcium and tension transmitted via myosin-actin cross bridge 
attachments (Schroeter et al., 1991).  Together with the changes in the Z-spacing and 
in the appearance of thin filaments in the Z-disc, there is an indication that the Z-disc 
lattice type plays an important role in muscle contraction.  
 
Previous reconstructions and models have been made of the different Z-disc lattice 
types using conventional electron microscopy and Fourier analysis.  The 3D 
reconstructions produced include: a single axis electron tomogram of normal rat 
soleus muscle Z-disc (Schroeter et al., 1996), sternomandibularis muscle Z-disc 
structure from Hereford cross steers (Luther et al., 2002), roach fish body muscle 
(Luther, 2000) and nemaline rod Z-disc (Morris et al., 1990).  With the higher 
resolutions achievable with averaged tomographic reconstructions, it should be 
possible to gain a greater understanding of the structural variation between the Z-disc 
lattice types.  Rat papillary and Atlantic midshipman fish sonic muscle were used to 
study the small square and the basketweave Z-disc lattices respectively.  By comparing 
these it was hoped to develop further mechanisms for lattice change.  The following 
tomograms are described: 
(i) The edge of the small square lattice Z-disc (section 4.3.1.1) 
(ii) The central region of the small square Z-disc (section 4.3.1.2) 
(iii) The small square Z-disc from image data collected closer to focus (section 4.3.1.3) 
(iv) Small square Z-disc reconstruction from Field Emission Gun EM data (section 
4.3.1.4) 
(v) The basketweave Z-disc (section 4.3.2.1) 
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4.2 Methods 
4.2.1 Electron Tomography and Sub-tomographic Averaging 
Z-disc structures of conventionally fixed rat papillary and Atlantic midshipman fish 
sonic muscle were examined using sub-tomographic averaging.  The rat papillary 
muscle data collected includes regions at the edge as well as the centre of the Z-disc 
as shown in figure 4.1.  The region examined for the Atlantic midshipman fish sonic 
muscle was within the extensive Z-band structure (~1μm in length). 
 
 
Figure 4.1. Diagrams showing different regions of the Z-disc.  (a) Longitudinal view (b) 
transverse view of the Z-disc.  For both images ‘a’ represents outside the Z-disc region, 
‘b’ edge and ‘c’ centre of the Z-disc.  
 
Electron tomography tilt data was collected on a JEOL JEM1200EX and a Philips CM200 
electron microscope using the standard protocol given in the Materials and Methods 
chapter.  The PEET option was used in the etomo module (part of the IMOD software 
suite) to perform sub-tomographic averaging as described in the earlier chapter 2.4.  
The number of particles input into the PEET scheme and the number of particles used 
to create the average reconstruction are shown in table 4.1 and 4.2. 
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Table 4.1. The number of particles involved in the generation of averaged small square 
Z-disc lattice reconstructions using the PEET scheme. 
Z-disc reconstructions Number of particles used in 
PEET scheme 
Number of particles in average 
reconstruction 
First reconstruction of the edge 
of the  Z-disc 
63 30 
Second reconstruction of the 
edge of the  Z-disc 
107 55 
Central region of the Z-disc 
lattice 
149 90 
Close to focus Z-disc lattice 
reconstruction 
171 120 
Z-disc lattice reconstruction 
from field emission gun electron 
microscope data 
411 300 
 
 
Table 4.2. The number of particles used to generate an averaged reconstruction of the 
basketweave Z-disc lattice using the PEET scheme. 
Figure Number of particles used in 
PEET scheme 
Number of particles in average 
reconstruction 
Z-disc lattice reconstruction 191 100 
 
 
4.3 Results 
4.3.1 Sub-tomographic Averaging of the Small Square Lattice Z-disc 
4.3.1.1 Reconstructions at the Edge of the Z-disc  
The first averaged Z-disc reconstructions were of four thin filaments from a single rat 
papillary muscle sarcomere at the edge of the Z-disc region (figure 4.1 (b)).  From a 
~100 nm thick section the rat papillary muscle tomogram (figure 4.2) was generated 
using tilt data collected at × 15000 magnification (0.79 nm/pixel) on the JEOL 
JEM1200EX EM.   
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Figure 4.2.  Electron tomography of rat papillary muscle. (a) Electron micrograph (1K 
by 1K image on JEOL EM) of a transverse section (cut to ~100nm thickness) of rat 
papillary muscle showing the Z-disc edge region.  (b) A single slice near the centre of 
the dual axis tomogram. 
 
Using different reference points in the tomogram shown in figure 4.2 two averaged 
structures of the edge of the Z-disc were generated.  The first is shown in figure 4.3 (a) 
and (b) and the second reconstruction is shown in figure 4.3 (c) and (d). 
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Figure 4.3. Average volumes at the edge of the Z-disc generated from a rat papillary 
tomogram. (a) and (b) are surfaced rendered views from the first average 
reconstruction, (c) and (d) are from the second average Z-disc reconstruction.  The red 
arrows indicates Z-links between thin filaments within the same sarcomere.  The blue 
arrows indicate Z-links extending towards thin filaments from the neighbouring 
sarcomere.  See movies 4.1 and 4.2. 
 
 
Z-links were seen bridging thin filaments within the same sarcomere, as seen in all of 
the views in figure 4.3 (marked with a red arrow). As the second average Z-disc 
reconstruction in figures 4.3 (c) and (d) was slightly deeper within the Z-disc than the 
first reconstruction there appeared to be Z-links extending towards thin filaments 
from the neighbouring sarcomere (marked with a blue arrow in figure 4.3).  
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4.3.1.2 The Central Region of the Small Square Lattice Z-disc 
Sub-tomographic averaging was applied for the centre of Z-disc in rat papillary muscle 
sectioned to ~100nm.  For this a tomogram (figure 4.4) was generated using dual axis 
data collected on a JEOL JEM1200EX with a pixel size of 0.79 nm/pixel (15000× 
magnification).   
 
 
Figure 4.4.  (a) Electron micrograph and (b) slice near the centre of the rat papillary 
muscle z-disc tomogram. 
 
From the dual axis tomogram the PEET software scheme was used to create an 
average reconstruction near the centre of the Z-disc shown in figure 4.5.  
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Figure 4.5.  Rat papillary muscle Z-disc average tomogram showing (a) top, (b) tilted, 
(c) side and (d) bottom view.  From the Z-disc average there appears to be four layers 
of cross bridging Z- links.  One of the layers of Z-links can be seen bridging thin 
filaments at the edge of the Z-disc in the same sarcomere as marked with a red arrow.  
Z-links are also observed connecting thin filaments from adjacent sarcomeres, one 
such Z-link is mark with a blue arrow.  See movie 4.3. 
 
A single layer of Z-links bridging thin filaments of the same polarity was observed 
within the averaged tomographic data.   This was also observed in figure 4.3.  As the 
averaged reconstruction shows the central region of the Z-disc, Z-links were also seen 
connecting thin filaments of opposing polarity.  To better emphasise the Z-link layer, 
contour maps were created as shown in figure 4.6 for this tomogram at different z-
heights through the average volume. 
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Figure 4.6. Contour map of rat papillary map averaged z-disc with (a) 6.6 nm (b) 20.3 
nm (c) 30.2 nm (d) 39.6 nm (e) 47.2 nm from the bottom of the tomographic volume.  
U (up) and D (Down) represent overlapping thin filaments from neighbouring 
sarcomeres. 
  
The contour map clearly shows four layers of Z-links, most clearly seen in figure 4.6 
(a), (c), (d) and (e) (with (b) showing a mixture of Z-link layers seen in (a) and (c)).  In 
figure 4.6 (a) Z-links can be observed connecting thin filaments of the same polarity.  
Within the other contour layers (figure 4.6 (c)-(e)) it appears that the Z-links are 
connecting thin filaments of opposing polarity. 
 
 
4.3.1.3 The Small Square Z-disc Lattice Examined Closer to Focus 
In an attempt to enhance the resolution of a Z-disc tomographic reconstruction, tilt 
data was collected closer to focus (figure 4.7).  Using this procedure more of the high 
frequency structural information can be recorded on the CCD camera.  The resulting 
increased image noise can be reduced with sub-tomographic averaging.   
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Data was collected on the JEOL JEM1200EX EM and the defocus was maintained to 
give the first power spectrum Thon ring of ~40Å instead of usual ~50Å.  The section of 
rat papillary muscle used was ~100nm thick and the data was collected with a pixel 
size of 0.79nm/pixel (× 15,000 magnifiaction).   
 
 
Figure 4.7.  Rat papillary muscle Z-disc region picked for sub-tomographic averaging 
with (a) EM image and (b) slice from tomogram. 
 
 
As the tomographic data in figure 4.7 is closer to focus than that of the previous Z-disc 
lattice reconstructions reviewed in this chapter, the images had more noise.  Large 
patches of aggregated gold fiducial markers can be seen concealing parts of the 
tomogram.  These areas were therefore avoided when picking particles for the PEET 
scheme.  The averaged small square Z-disc lattice reconstruction generated from this 
data is shown in figure 4.8. 
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Figure 4.8.  Rat papillary muscle Z-disc average volume created from a tomogram with 
(a) top, (b) tilted (c) side and (d) bottom views.  See movie 4.4. 
 
Due to the tomographic data used to generate the averaged small square Z-disc 
reconstruction shown in figure 4.8 being closer to focus than with previous 
reconstructions the noise made it more difficult to interpret the data.  Even so it 
allowed the observation of curved shaped Z-links bridging thin filaments of opposing 
polarity. 
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Figure 4.9.  Section cropped from average rat papillary muscle Z-disc data shown in 
figure 4.8 emphasising a curved Z-link (marked with a red arrow) connecting two thin 
filaments with; (a) a top, (b) a side and (c) a bottom view.   
 
 
4.3.1.4 Z-disc Reconstruction from Field Emission Gun Electron Microscope Data 
In a attempt to improve the tomogram data (figure 4.10), images were collected on a 
Philips CM200 EM. As this is a field emission gun electron microscope, the electron 
beam has a higher temporal and spatial coherence compared with the JEOL 
JEM1200EX EM giving greater preservation of the high frequency signal.  Compared to 
the JEOL EM, it is also used at a higher voltage (200kV instead of 100kV) giving 
improved electron penetration which is beneficial at high tilt angles.  The images can 
be collected on the Philips CM200 EM CCD camera with a size of 4K by 4K, this is 
another advantage as the image contain more information than the previous 1K by 1K 
data. 
 
Tilt data was collected from a ~100nm thick section of rat papillary muscle with 
autofocus set to -6000nm at × 27500 magnification (0.453nm/pixel).  The tilt series 
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was filtered using a low-pass filter with a cutoff of 0.08 cycles/pixel and an offset of 
0.05 cycles/pixel. 
 
 
Figure 4.10.  Rat papillary muscle (section at ~100nm) data with three Z-disc regions 
visible in (a) the electron micrograph and (b) the central slice from the tomogram. 
 
Averaging was performed on this tomogram to generate the Z-disc reconstruction 
shown in figure 4.11. 
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Figure 4.11.  Averaged reconstruction of rat papillary Z-disc for tilt data collected on a 
Philips CM200 EM. (a) top, (b) tilted, (c) side and (d) bottom view.  The blue filament is 
from the neighbouring sarcomere to the red.  See movie 4.5. 
 
Within the average tomogram data the Z-links appear to bridge thin filaments from 
neighbouring sarcomeres over three layers.  There do not appear to be any Z-links 
between thin filaments of the same polarity as seen in figure 4.5.  This could be due to 
the edges of the Z-disc being excluded from this reconstruction.   
 
 
4.3.1.5 Z-link Measurements 
The distances between orthogonal and planar Z-link were measured from single 
filaments extracted from the averaged reconstructions of the centre of the Z-disc data 
collected on the JEOL JEM1200EX EM (figure 4.5) and the Philips CM200 EM (figure 
4.11). 
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Figure 4.12.  Different orientations of a single thin filament cut from an averaged 
tomographic volume of the Z-disc collected on a JEOL JEM1200EX EM.  From this the 
position of Z-link binding sites were observed and measured.  An extension at the 
barbed end of the filament is visible (marked with a *), and is potentially CapZ. (f) 
Illustrates a model of the F-actin filament with a 28/13 symmetry as found in the Z-
disc.  The solid arrows indicate sites at the side of the F-actin where Z-links interact.  
The dotted arrows shows Z-link sites that are orthogonal to those shown by the solid 
arrow. 
 
The distance between Z-link interaction sites on the thin filament were smaller than 
the expected values shown in figure 4.12 (f).  This could be due to beam induced 
specimen shrinkage compressing the filaments. 
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Figure 4.13.  A single thin filament extracted from the rat papillary muscle Z-disc 
average data collected on the Philips CM200 EM.  Colour dots highlight corresponding 
Z-link interaction sites on the thin filaments within the images of different orientation; 
(a) top view, (b) side view and by rotating 90° it gives (c) a further side view of the thin 
filament.  Measurements are shown giving the distances between some of the 
different Z-link interaction sites.  The region marked with a * corresponds to a density 
observed at the end of the thin filament which could be CapZ. 
 
Further thin filaments were cut from the averaged Z-disc lattice data and more 
measurements of the orthogonal and planar were made.  These measurements are 
shown in table 4.3 
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Table 4.3.  The distances between orthogonal and planar Z-links along thin filaments 
within the Z-disc lattice. 
 Distance between orthogonal 
Z-link (n=13) 
 
Distance between planar Z-
link (n=12) 
 
Mean 10.1 ± 3.5nm 22.1 ± 3.6nm 
 
 
From the sub-tomographic average data, two models of the Z-disc small square lattice 
were devised.  These highlight different possible arrangements of the Z-links between 
thin filaments as shown in figure 4.14 and 4.15. 
 
 
4.3.1.6 Models of the Small Square Z-disc Lattice 
Two models of the Z-disc were created, one of the central region of the Z-disc (figure 
4.15) and the other of the edge of the Z-disc (figure 4.16).  These show possible 
arrangements of the Z-links within the Z-disc based on the average tomographic data 
generated.  The models were generated using Caligari Truespace 7.6 (2008). 
 
 
Figure 4.14.  A model of the Z-link (α-actinin) cross bridges between anti-parallel thin 
filaments.  (a) top view, (b) a tilted side view and (c) a side view .  The red represents 
the actin binding heads and the blue the rod domain of the α-actinin complex.  
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At the centre of the Z-disc as depicted in figure 4.14 the Z-links appeared to bridge 
thin filaments of opposing polarity from neighbouring sarcomeres.  This was observed 
in the central region of the Z-disc and the closer to focus averaged reconstructions. 
 
 
 
Figure 4.15.  An alternative model for the Z-link (α-actinin) cross bridging that shows 
linking of parallel thin filaments.  (a) top view, (b) tilted side view and (c) side view.  
The red represents the head and blue the rod domain of alpha-actinin.    
 
This model represents what was observed at the edges of the Z-disc where there Z-
links joining thin filaments of the same polarity. 
 
 
4.3.2 Electron Tomography of the Basketweave Z-disc 
4.3.2.1 Sub-tomographic Averaging of the Z-disc Structure 
So far, the electron tomography of a small square lattice Z-disc has been described.  It 
is important to understand the 3D structure of a basketweave Z-disc.  The most 
distinct basketweave Z-disc occurs in the sonic muscle of Atlantic midshipman fish.  
The basketweave Z-disc lattice average was prepared from tilt data of transverse 
sections of midshipman fish sonic muscle (~50nm thick section) collected on the JEOL 
JEM1200EX EM at a magnification of × 10000 (1.2 nm /pixel).  The tomogram 
generated from this data is shown in figure 4.16. 
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Figure 4.16.  (a) Electron micrograph image and (b) Slice near the centre of the 
tomogram slice of midshipman sonic muscle basketweave z-disc 
 
By selecting a substantial number of particles (table 4.2) within the tomographic data 
an averaged reconstruction of the basketweave Z-disc was generated (figure 4.17)  
 
 
Figure 4.17.  The averaged structure of a basketweave Z-disc from midshipman sonic 
muscle, (a) top, (b) tilted, (c) side and (d) back view.  One layer of Z-links (alpha-
actinin) cross bridging can clearly be seen linking anti-parallel thin filaments. 
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From this averaged basketweave Z-disc lattice data a single thin filament was 
extracted as shown in figure 4.18.  See movie 4.6. 
 
Z-links could be clearly seen cross-linking thin filaments of opposing polarity.  To 
examine the positions of the z-links a single thin filament was cropped out as shown in 
figure 4.18. 
 
 
Figure 4.18.  Single thin filament extracted from the tomogram data in figure 4.18.  (a) 
top, (b) tilted, (c) side and (d) back view. 
 
The single thin filament in figure 4.18 shows four protruding Z-links.  These appear to 
be arranged in pairs with the opposing links at the same level within the Z-disc lattice.  
Each Z-link also appears to be separated by ~90° around the thin filament. 
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4.3.2.2 Z-link Measurements 
Four thin filaments were cut from the averaged reconstruction of the midshipman fish 
sonic muscle basketweave Z-disc in figure 4.17 to allow measurements of the Z-links. 
 
Figure 4.19.  Region of four thin filaments extracted from tomogram in figure 4.17.  (a) 
top view, (b) tilted view, (c) side view with the angle of a protruding Z-link (red arrow) 
measured in relation to attached longitudinal thin filaments (blue arrows). (d) Bottom 
view.  See movie 4.7. 
 
The distances between thin filaments of the same polarity (Z-spacing) were compared 
between the small square and basketweave Z-disc lattice.  The measurements were 
made directly from the rendered reconstructed data. 
 
D 
D 
U 
U 
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Table 4.4.  The distances between thin filaments of the same polarity within the small 
square and basketweave Z-disc. 
 Distance between thin filaments of 
opposing polarity within the small 
square Z-disc (n=16) 
Distance between thin filaments of 
opposing polarity within the 
basketweave Z-disc (n=13) 
Mean 20.4 ± 1.8nm 27.7 ± 2.6nm 
 
 
4.3.2.3 Model of the Basketweave Z-disc 
A model of the basketweave Z-disc shown in figure 2.20 was devised from the average 
Atlantic midshipman fish sonic muscle Z-disc data.  The model was generated using 
Caligari Truespace 7.6 (2008). 
 
Figure 4.20.  Model of the basketweave z-disc.  (a) top view, (b) tilted side view and (c) 
side view.  Red represents the head region and blue the rod domains of the alpha-
actinin molecules. 
 
 
4 Discussion 
Averaged structures of the small square lattice from rat papillary and the basketweave 
Atlantic midshipman fish sonic muscle Z-disc were generated from tomographic data.  
The averaged structures allowed direct visualisation of the thin filaments and the Z-
links in the different Z-disc types.  Measurements were made from the data to 
determine the angle and positions to which the Z-links interact with single actin 
D 
D D 
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filaments.  Models were then developed from observations with a particular focus on 
possible Z-link arrangements for the small square rat papillary muscle Z-disc.   
 
 
4.4.1 The Small Square Z-disc 
The sub-tomographic averages at the edge of the small square Z-disc in rat papillary 
muscle shows thin filaments from an adjacent sarcomere just about visible as small 
circular densities.   There are Z-links present but they appear to connect thin filaments 
within the same sarcomere (polar-links) producing a large square unit (large compared 
to the small square lattice observed in the centre of the Z-disc).  This feature is 
consistent with previous observations (Luther, 1991; Luther, 2000), and may exist to 
strengthen the Z-disc architecture within a single sarcomere and reduce thin filament 
distortion occurring under passive tension.  This appears to alter deeper within the Z-
disc, with the Z-links (α-actinin) arranged to interact with thin filaments of opposing 
polarity forming a strong mesh like structure linking adjacent sarcomeres.  As it has 
been shown that the α-actinin molecules can bind F-actin of the same and opposing 
polarity (Franzot et al., 2005; Tang et al., 2001), having links between both is certainly 
feasible within the Z-disc.  The polar-links were also seen at the edges of the 
tomogram of the central region of the Z-disc (figure 4.5).  It would seem from this data 
and the corresponding contour map (figure 4.6) that the Z-link interaction between 
thin filaments of the same polarity occurs only in a single layer each side at the edge 
of the Z-disc.  From the contour map it was also observed that there were four Z-link 
layers.  It could be predicted from the contour map that there is a fifth layer missing 
beyond the range of the data, with Z-linking connecting thin filaments of the same 
polarity.  Therefore, I propose two polar-link layers, one at each edge of the Z-disc in 
each neighbouring sarcomere, as shown in the small square Z-disc model in figure 
4.15.  This leaves three layers at the centre of the Z-disc linking thin filaments of 
opposing polarity.  From this proposed model the Z-link interaction are shown at the 
edge and within the Z-disc in figure 4.21. 
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Figure 4.21.  The different regions within a small square Z-disc region.  (a) Transverse 
diagram and (b) Longitudinal view of the Z-disc.  In both images ‘a’ is region within the 
I-band just outside the Z-disc. ‘b’ is where there is parallel Z-linking between thin 
filaments and ‘c’ is the region where Z-links bridge anti-parallel thin filaments from 
neighbouring sarcomeres. 
 
 
4.4.2 Curvature of the Z-links 
The average rat papillary Z-disc structures in figure 4.8 were generated from image 
data collected closer to focus than for the other average data collected on the JEOL 
JEM1200EX EM.  The change in defocus was used in an attempt to preserve more of 
the high frequency signal.  As a downside, taking images closer to focus resulted in a 
noisier tomogram.  If a large number of particles are used for the averaging, a 
substantial amount of noise can be subtracted as in the case with the data shown in 
figure 4.8.  Within the data, some Z-links can be seen curving from one thin filament 
and interacting with another from the adjacent sarcomere.   This kind of shape is 
expected for the bridging of thin filaments of opposing polarity as they also give a 
small square lattice shape. 
 
 
4.4.3 Comparison between the Electron Microscopes used 
When comparing data from the Philips CM200 electron microscope against the JEOL 
JEM1200EX the achievable resolution should be higher with the former.  As the Philips 
CM200 is a FEG electron microscope the electron beam is more coherent with a 
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narrower beam spread leading to a lower chromatic and spherical aberrations than 
the JEOL JEM1200EX.  The extent of the extra high frequency information preserved 
within the Philips CM200 is visible within the image data power spectrums with more 
Thon rings that the JEOL JEM1200EX.  This can be seen in figure 4.22 in which images 
and thier power spectrum are compared between both microscopes. 
 
 
Figure 4.22.  A comparison of the images data taken on the two electron microscopes 
used.  (a) Images taken on the JEOL JEM1200EX and its corresponding power spectrum 
shown in (d).   (b) An image an its power spectrum shown in (e) for the Philips CM200 
electron microscope. (c) After a low-pass filter had been applied to the Philips CM200 
data and the corresponding power spectrum in (f).  Scale = 200nm. 
 
 
The CM200 EM was configured with a more modern and a more sensitive CCD camera 
than the JEOL JEM1200EX.  The CM200 EM camera had a larger CCD chip giving 
images up to 4K by 4K compared with the 1K by 1K CCD camera of the JEOL.  The data 
from the Philips CM200 was filtered due to the level of background noise making the 
images more similar to those collected on the JEOL JEM1200EX (figure 4.22 (c) and (f)).  
With the larger file format there were more repeating Z-disc lattice units that were 
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averaged so this should have been an advantage as the more particles the higher the 
achievable resolution.  Overall the averaged data from the Philips CM200 did not 
appear much better than from the JEOL JEM1200EX data.  For our use of the electron 
microscope I would therefore estimate the resolution of the Philips CM200 data after 
the filtering to be only marginally higher than that of the JEOL JEM1200EX. 
 
 
4.4.4 Measurements of the Z-link Positions in the Small Square Z-disc Lattice 
The distances between the Z-link interaction sites were measured in the average rat 
papillary Z-disc data.  As well as the measurement made in the two figures 4.12 and 
4.13 of the single thin filaments, further filaments were extracted from the average 
tomogram data and measured.  From 13 and 12 measurements respectively the 
average distance between planar Z-disc binding sites was found to be 22.1 ± 3.6nm 
and for the orthogonal distances 10.1 ± 3.5nm.  Schroeter et al (1996) measured 28 ± 
9nm for planar distances and 16 ± 9nm for orthogonal distances between Z-links 
connecting to thin filaments in their 3D reconstruction of rat soleus muscle Z-disc.  For 
their measurements they did not include some of the smaller distances they found 
which could be one reason why their values are larger than ours.  Their reconstruction 
was from longitudinally oriented muscle which therefore means specimen shrinkage 
due to the electron beam is less likely to affect the distances between Z-links than it 
would for transverse data.  From the models of F-actin with a 28/13 symmetry (found 
in vertebrate I-band) constructed from X-ray crystallography data, the distances 
between planar Z-link (α-actinin) sites were calculated to be 38.5nm apart and for 
orthogonal sites 19.2nm (Luther and Squire, 2002). These distances are greater than 
those we found, most likely due to our specimens being affected by electron beam 
induced shrinkage. 
 
When examining the single thin filaments extracted from the small square Z-disc 
averages (figures 4.12 and 4.13), there was an extra Z-link in the CM200 EM 
reconstruction (figure 4.13 (b) represented by the blue dot) not seen in the JEOL EM 
reconstruction (figure 4.12 (c)).  As a single link it would appear that either the 
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opposing link on the other side of thin filament has not been resolved or it is an 
artefact. 
 
 
4.4.5 Location of Cap-Z 
When extracting single thin filaments from the small square Z-disc averages to study 
the positions of the Z-link attachment sites a large density was seen at the barded end 
(this is shown in figures 4.12 and 4.13 marked with *).  This may be Cap-Z as it is 
known to bind to the barbed end of thin filament preventing G-actin polyermisation.  
There is also some resemblance to cryo-EM data (Narita et al., 2006), who examined 
Cap-Z bound to the barbed end of F-actin. 
 
 
4.4.6 Model of the Small Square Z-disc 
Two models of the Z-disc lattice were made showing the Z-link interactions between 
thin filaments of the same and of opposing polarity.  The first model shows how Z-links 
may interact with thin filaments of opposing polarity (figure 4.14).  This is based on 
measurements from the average rat papillary muscle Z-disc tomographic data.  The 
model has broad similarities to that of Morris et al (1990) on the nemaline myopathy 
(shown in figure 1.5 and discussed in chapter 1.1.3.2).  An α-actinin head region 
attaches to a thin filament where it bends, positioning the rod domain parallel to the 
thin filament. From here the second head domain interacts with a thin filament of the 
opposing polarity.  From the average tomogram data rod domains from neighbouring 
layers of α-actinin appear to come into close proximity.  It could therefore be possible 
that there is some interaction between rod domains providing extra structural 
stability. 
 
The second model generated shows Z-links connecting thin filaments of the same 
polarity within the same sarcomere (figure 4.15).  This kind of interaction was 
observed within the reconstructions at the edge of the Z-disc at the first Z-disc layer.  
Even though it was difficult to resolve fully the Z-link structures towards the centre of 
the Z-disc, this type of Z-link interaction appeared to only occur in a single layer, each 
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side at the periphery of the Z-disc lattice.  In theory it could be possible that this type 
of cross-linking exists in other regions of the Z-disc other than just the edge.  
Hypothetically the linking of parallel thin filaments could be strengthened if there is 
some interaction between overlapping α-actinin molecules.  There could also be some 
assistance from other sarcometric proteins such as nebulin/nebulette and titin, which 
are known to pass through and bind to regions within the Z-disc (Littlefield and 
Fowler, 2008; Sanger et al., 2005).  Examining the sub-tomographic averages 
generated near the centre of the Z-disc, overlapping α-actinin molecules appeared to 
come into very close proximity with each other making them almost indistinguishable.  
This made it hard to resolve the individual densities to determine the entire shape and 
path of each Z-link.  The Z-links appeared in the closer to focus data (figures 4.8 and 
4.9) to be curved indicating a linkage between thin filaments of opposing polarity due 
to the direction and path taken by the Z-link.  Further work is required to determine if 
other parallel thin filament cross-bridging occurs in the Z-disc.  Currently, from 
observations made from the averaged Z-disc data, I predict this type of parallel thin 
filament interaction to only occur at the edges of the Z-disc. 
 
 
4.4.7 Basketweave Z-disc 
The less compact (larger Z-spacing as shown by Schroeter et al (1991)) basketweave Z-
disc from the Atlantic midshipman sonic muscle was easier to visualise than the small 
square Z-disc.  The Z-links were clearly seen linking anti-parallel thin filaments from 
opposing sarcomeres.  A Z-link was found to be approximately 16.4nm in length 
between two thin filaments (figure 4.19), and the angle the Z-link makes with the thin 
filament to be ~40°.  These measurements are subject to specimen shrinkage but as 
the Z-disc is strongest in the cross-sectional depth there should not be excessive 
distortion.  A model was made of the basketweave Z-disc shown in figure 4.20.  The 
model illustrates how α-actinin molecules appear to bind to the thin filament at 
almost the same depth within the Z-disc in sets of four, each approximately 90° apart 
around the thin filament.  Interestingly, a greater separation would be expected 
between orthogonal Z-links if there is F-actin symmetry of 28/13.  This provides 
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evidence for a different Z-disc F-actin symmetry between the small square and 
basketweave Z-disc. 
 
 
4.4.8 Comparison with other Z-disc Reconstructions and Models 
I propose a similar model to that of Morris et al (1990) for the interaction of Z-links 
between thin filaments of opposing polarity as shown in figure 4.14.  The basketweave 
lattice tomographic volume generated from Atlantic midshipman fish sonic muscle 
resembles the 3D reconstruction of Luther et al  (2002).  Observations made from the 
averaged small square rat papillary Z-disc lattice reconstructions were similar to that 
of Schroeter et al data, with the noticeable appearance of Z-links interacting between 
thin filaments of the same polarity at the Z-disc/I-band edge (Schroeter et al., 1996).  
Two models are proposed for the Z-links connecting thin filaments from opposing 
sarcomeres at the centre of the Z-disc (they refer to this as the Z-RIB).  They observed 
a mixture of four and two layers of Z-links within their tomographic data. From my 
data, I observed a constant number of Z-link layers 
 
The distances between thin filaments from the same sarcomere in the Z-disc (Z-
spacing) were found to be 20.4 ± 1.8nm for the rat papillary muscle small square Z-
disc and 27.7 ± 2.6nm for midshipman fish sonic muscle basketweave Z-disc.  The Z-
spacing for the small square lattice was similar to the 20.3 ± 1.6nm distance found in 
unstimulated rat soleus muscle through optical diffraction by Goldstein et al (1986).  
Their result for a basketweave lattice (tetanised rat soleus muscle) was lower at 24.8 ± 
1.8nm (Goldstein et al., 1986). 
 
 
4.4.9 Lattice Transition from a Basketweave to a Small Square Z-disc 
The Z-links in the small square lattice appeared to be arranged in pairs on the thin 
filament separated by approximately 180°.  However, within the basketweave lattice, 
the Z-links molecules are arranged in sets of four on the thin filament separated by 
approximately 90° (figure 4.23).   
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Figure 4.23.  Two simple models showing proposed arrangements of Z-links on a thin 
filament within (a) small square lattice and (b) basketweave Z-disc. 
 
The Z-links also appear to interact directly with the thin filaments to form the small 
square lattice whereas they wrap around the side of the thin filaments in the 
basketweave lattice.  The wrapping of the Z-links fits with previous observations of a 
larger thin filament diameter within a basketweave arrangement (Schroeter et al., 
1991).  As expected the Z-link must disassociate in order to transform from a small 
square to a basketweave Z-disc or vice versa.  When this occurs it could be possible 
that not all the Z-links have to detach and reattach to new sites on the thin filaments.   
From a small square to a basketweave lattice it is possible that from the arrangement 
of a set of four Z-links (figure 4.23 (b)) around a thin filament, only Z-links (figure 4.23 
(a)) need to dissociate and re-attach at a different position on the thin filament.  
Howerver from previous research it has been shown that the type of Z-disc lattice 
exhibited in skeletal and cardiac muscle is dependent on the state of the muscle 
(Schroeter et al., 1991).  When the Z-disc lattice changes under tension it is unlikely 
that the Z-links dissociate as this would weaken the Z-disc structure.  It has also been 
shown the distance between layers of Z-links are different between basketweave and 
small square, which gives further evidence against Z-links dissociating (Goldstein et al., 
1986; 1988; 1989; 1990). 
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4.4.10 Further Work 
For an accurate comparison between the small square and basketweave lattices, both 
should be induced within the same muscle type and visualised with sub-tomographic 
averaging.  This should include both cardiac and skeletal as they exhibit different Z-
disc lattice types when unstimulated.  As the Atlantic midshipman fish sonic muscle 
has a very large Z-disc (~1µm), it is the choice of muscle to study. 
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CHAPTER 5. STUDY OF THE TRANSFORMATION 
FROM A SQUARE TO HEXAGONAL LATTICE WITHIN 
THE I-BAND 
 
 
 
 
5.1 Introduction 
Many of the components of the I-band, especially the thin filaments, have been 
studied using electron microscopy in order to understand their structure in relation to 
their functions.   Even though much is known about the Z-disc region of the 
sarcomere, we have little knowledge of how the thin filament lattice transforms from 
square at the Z-disc side of the I-band to a hexagonal arrangement at the A-band side.   
Different thin filament lattice arrangements have evolved within muscle to suit 
different roles, with a square arrangement in the Z-disc producing a tightly bound 
mesh with Z-links (α-actinin) stabilising the I-band under passive tension and a 
hexagonal arrangement in the A-band allowing for maximal interaction with thick 
filaments.  How the thin filaments transform from one lattice type to the other has an 
important bearing on the position, interaction and function of the many I-band 
associated molecules.  It is also important during muscle contraction as the thick 
filaments move into the I-band, the thin filament lattice arrangement must not 
impede them as it would cause resistance, resulting in inefficiency.   
 
The most detailed study of the transformation to date was done by Traeger et al 
(1983) using serial section electron microscopy of transverse slices through the I-band.  
For each serial section, they used computer software to measure changes in the 
number of thin filaments within a set radius and thus determine changes in lattice 
conformation.   This approach has given insight into the thin filament lattice 
transformation but at a low resolution, owing to the thickness of each serial section.  
Advances in technology allow us to gain new insight into the lattice transformation of 
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the thin filaments.  The aim of the work in this chapter was to use serial section 
reconstruction and electron tomography so that the I-band thin filament transition 
can be studied at a higher resolution than has been visualised previously.  The 
following I-band reconstructions were made;  
(i) Serial section reconstruction of 19 transverse sections ranging from the Z-disc to 
the M-line (section 5.3.1). 
(ii) Electron tomography of longitudinal sections of rat papillary muscle (section 
5.3.3). 
(iii) Electron tomography of longitudinal sections of plaice fin muscle in rigor (section 
5.3.3). 
(iv) Electron tomography of a thick (~200nm) transverse section (section 5.3.4). 
(v) A large tomogram obtained by stacking six tomograms of ~100nm thick transverse 
sections (section 5.3.5). 
(vi) Reconstruction from averaged serial transverse tomogram data (section 5.3.6). 
 
 
5.2 Methods 
Fixed and embedded specimens were cut using an ultramicrotome to give single 
sections and ribbons of serial sections.  Single sections of transverse and longitudinally 
oriented muscle were examined using the JEOL JEM 1200EX EM.  Standard methods 
were used to collect tomography tilt data (further information is given in the Material 
and Methods).  The ribbons of serial sections were carefully transferred onto formvar 
coated slot grids to allow the study of corresponding transverse sections through a 
single sarcomere.  Single images were taken on the JEOL JEM 1200EX EM of 
corresponding areas of interest and aligned using the computer software Reconstruct 
to produce a serial reconstruction map.  In addition dual-axis tilt series were acquired 
for selected areas of interest and the resulting tomograms were aligned and combined 
to give a large composite tomogram volume of a sarcomere. 
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5.2.1 Formvar Coated Slot Grids 
Three coplin jars were set up containing 0.25% formvar in 1,2-dichloroethane, ethanol 
and water with washing up liquid respectively.  Slides were cleaned by placing them 
into the water with washing up liquid for a few seconds followed by a quick insertion 
into the ethanol.  When dried, the slides were quickly dipped in and out of the 0.25% 
formvar in 1,2-dichloroethane solution.  After allowing the formvar to dry creating a 
thin coating, the formvar was floated from the slides onto a bath of water.  Copper 
slot grids (2mm × 750μm slot size) were carefully placed onto the formvar in rows.  
Using a slide covered with parafilm, the formvar coated grids were carefully extracted 
from the water and left to dry overnight (Dykstra and Reuss, 2003). 
 
 
5.2.2 Alignment of Serial Section Data using Reconstruct 
The serial EM images were manipulated using the Reconstruct software and 
corresponding thin and thick filaments between neighbouring images were picked to 
create point maps (point corresponding technique) (Fiala, 2005).  These were used to 
warp one image on to the neighbouring through a quadratic alignment scheme 
(accounting for rotation, translation, scaling, skew, deformations and bending). 
 
 
5.2.3 Serial Section Electron Tomography 
Using the JEOL JEM 1200EX EM multiple dual axis, tilt series were collected of the 
corresponding areas of interest.  After generating dual axis tomographic 
reconstructions (as described in the general methods) for the corresponding serial 
section regions, the IMOD module etomo was used to join them together.  The 
software did this by cross correlating slices from the top and bottom of the 
tomograms at the regions to be joined.  This determined an accurate transformation 
for each tomogram required to join them into the final single volume. 
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5.3 Results 
5.3.1 Serial Section Reconstruction of Plaice Fin Muscle 
In order to study the thin filament transition through the I-band, an initial basic model 
was produced.  This was made using transverse serial sections of plaice fin muscle 
extending from the Z-disc to the M-line.  Fish instead of mammalian muscle was used 
and it is likely that the I-band lattice transition should not differ greatly from cardiac 
muscle.  The fish fin muscle was prepared, sectioned and examined through EM by Dr 
Pradeep Luther.  Nineteen electron micrographs recorded were scanned on a Leafscan 
35 scanner at 1200dpi, followed by cropping of the images to isolate small regions of 
interest.   Each image is shown in figure 5.1. 
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Figure 5.1.  Serial EM images of plaice fin muscle in order from the M-line in (a) 
through the A-band, into the I-band and finally into the Z-disc in (s).  A corresponding 
region showing the M-band (M) and Z-disc (Z) are labelled. 
 
Using the Reconstruct software (Fiala, 2005), the 19 images were aligned in order from 
the Z-disc to the M-line.  Three series of alignments were performed via a quadratic 
scheme (accounting for rotation, translation, scaling, skew, deformations and 
bending).  Corresponding filaments were chosen between images and used as 
alignment markers (also known as point correspondence technique).   To improve the 
M 
Z 
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accuracy the images were cropped down further for the last two alignment stages.  As 
the alignment appeared to be more accurate towards the centre of the images this 
region was cropped out.  The resulting images spanned the region from the M-band to 
the edge of the Z-disc (figure 5.2. (s)).  The final aligned images are shown in figure 5.2. 
 
 
 
Figure 5.2.  Cropped serial EM images of plaice fin muscle after final alignment 
showing in order from (a) the M-line to (s) close to the Z-disc. 
 
 
The aligned images were converted from the raw data format used by the Reconstruct 
software to a MRC stack.  This format was viewable in IMOD where modelling was 
undertaken by tracing the filaments slice-by-slice.  By examining the model, the lattice 
transformation could be visualized in 3D (figure 5.4) or as points comparing the Z-disc 
with the A-band lattice (figure 5.3).   
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Figure 5.3.   Images corresponding to the modelling of serial section EM reconstruction 
of plaice fin muscle undertaken in IMOD.  Coloured points mark the different thin 
filaments in (a) the square Z-disc lattice and (b) the hexagonal A-band lattice.  (c) and 
(d) represent the lattice shapes for the thin filament points used in the modelling, 
showing the square lattice (red) and the hexagonal lattice (yellow).  (e) Is the overlay 
of the two lattice types and (f) is the direction the thin filaments transcend through the 
serial reconstruction from square to hexagonal. 
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Figure 5.4.   3-D model of the serial section reconstruction.   The model was made 
using IMOD with the thin filaments in blue and the thick filaments in red.  (a) Square z-
disc lattice, (b) side view, (c) hexagonal A-band lattice and (d) tilt view.  The arrow in 
(b) indicates where the thin filament lattice transition appears to occur.  The 30nm 
scale bar refers to (a) and (b) whereas the 100nm scale bar is for (b) and (d).  See 
movie 5.1 
 
The model of the I-band generated from this data allowed visualisation of the thin 
filaments from the Z-disc to the A-band.  Thin filament lattice shift from a square to a 
hexagonal lattice was found close to the Z-disc and near the centre of the I-band 
(~120nm from the A/I border) as shown by the dotted and solid arrows in figure 5.4 
(b) respectively.  It also appears that the there is an uneven lattice transformation 
between the thin filaments with empty regions seen between filaments in the model 
generated.   
 
5.3.2 Investigating the Effect of Moving Thick Filaments towards the Z-disc 
Using the Chimera software the thick filaments within the serial section reconstruction 
were moved towards the Z-disc to find if there is any clashing between thick and thin 
filaments.  This is shown in figure 5.5. 
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Figure 5.5.  Investigating the movement of thick and thin filaments towards the Z-disc.  
In the Serial section model of the I-band of fish fin muscle the thick filaments were 
moved to different positions towards the Z-disc.  Each panel of images provides a 
longitudinal view and a tilted cross sectional view with the thick filaments re-
positioned in the I-band moving consecutively towards the Z-disc.  (a) and (b) show the 
I-band model generated from the serial section data collected with no alteration.  In 
the other images the thick filaments within the model have been moved towards the Z-
disc in steps of ~60nm (~25% the length of the I-band region).  See movie 5.2. 
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As the muscle contracts, the models in figure 5.5 indicates that there is little 
interference between thick and thin filaments until the thick filaments are fairly close 
to the Z-disc (~60nm away from Z-disc as shown in  figure 5.5 (g) and (h)) 
 
 
5.3.3 Electron Tomography of the I-band in Longitudinal Sections of Rat Papillary 
Muscle  
As another approach to visualise the I-band with the potential for a more precise 
higher resolution method, electron tomographic reconstructions of the I-band were 
generated.  The first electron tomograms generated were for longitudinally orientated 
rat papillary and plaice fin muscle.  Rat papillary muscle sections orientated 
longitudinally were first studied.  Longitudinal sections approximately 100nm thick 
were cut and suitable areas of interest were found using a JEOL JEM 1200EX and the 
Philips CM200 electron microscopes.  The criterion for suitability was that the region 
should have as little obliqueness as possible, with the aim to collected tilt data from I-
band regions where all the filaments ran straight in the plane of the section.    
 
In the case of the tomogram data in figure 5.6 and figure 5.7, tilt data was collected on 
the Philips CM200 using the standard protocol.  The magnification used was 20000×, 
with a CCD camera setting of 2K by 2K and a defocus of -6000nm.  The filaments were 
traced using IMOD in the slicer window. 
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Figure 5.6.  Images from a tomogram of rat papillary muscle with the Z-disc running 
down the centre.  (a) and (b) are slice 38 and (c) and (d) are slice 16 out of 61 slices 
within the tomogram. (b) and (d) show slices from the tomogram with a filament 
model overlaid.  The model was made in IMOD with yellow representing the thin and 
blue the thick filaments. 
 
From the filament in figure 5.6 traced in IMOD, a 3D model was visualised as shown in 
figure 5.7. 
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Figure 5.7.  Model of rat papillary muscle I-band made by tracing filaments in the 
tomogram using IMOD.  Yellow represents the thin filaments and blue the thick 
filaments.  The figure show (a) longitudinal, (b) tilted, (c) top and (d) transverse view.  
See movie 5.3. 
 
 
The thin filaments appeared wavy with non-uniform paths through the I-band.  This 
made it difficult to determine the thin filament lattice transformation.  A further 
model of rat papillary muscle was made from a tomogram created from tilt image data 
collected on the Philips CM200 EM using the same tomography methods as before but 
with a tilt range of ±65°.  
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Figure 5.8.  Tomogram data and model of longitudinally oriented rat papillary muscle 
(a) centre slice of the tomogram with (b) model overlaid.  (c) Model of the I-band in 
longitudinal view (d) a tilted view.  For the model the yellow corresponds to the thin 
and the blue to the thick filaments, with the Z-disc region represented in red.  See 
movie 5.4. 
 
Most of the thin filaments could be seen running through both longitudinal 
tomograms of rat papillary muscle I-band.  They appeared not to be straight but 
appeared wavy in the I-band region.  This is most likely due to the change in thin 
filament lattice shape but it is likely to be accentuated through distortion caused by 
sample preparation and specimen shrinkage under the electron beam.  It was 
therefore difficult to determine the thin filament lattice transformation from this data. 
 
Owing to the difficulty resolving the I-band structure arising from thin filament 
distortion, a final longitudinally orientated muscle sample was examined.  In this case 
rigor plaice fin muscle in a small amount of tension prepared by Richard Tregear and 
Pradeep Luther was examined with the aim to get straighter thin filaments.  The tilt 
data for the tomogram was collected on the JEOL using the standard tomography 
protocol.  The model and a slice from the plaice fin tomogram are shown in figure 5.9. 
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Figure 5.9. Plaice fin muscle tomogram and model of the I-band region.  (a) central 
slice from tomogram with (b) model overlaid.  (c) 3D model of the filaments with (d) a 
tilt view.  The thick and thin filaments are shown in blue and yellow respectively.  The 
red portion marks the Z-disc region in the centre of the I-band.  See movie 5.5. 
 
The filaments were prominent but unfortunately there still appeared to be substantial 
structural distortion.  It was hoped that the thin filament lattice transition would be 
clearly observed from the Z-disc to A-band in the longitudinally orientated muscle 
tomograms.  Unfortunately, this was not so; even though the thin filaments could be 
clearly visualised, the transition could not be easily understood.  This was due to 
having a limited number of filament layers and also distortion caused by electron 
beam shrinkage in the specimen depth.   With these problems in mind, it was decided 
that transversely oriented muscle would give more informative tomograms of the I-
band.   
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5.3.4 Thick Transverse Tomogram of the I-band 
The first transverse tomograms generated were of thick sections (~200nm) of rat 
papillary muscle I-band. Two hundred nm slices of rat papillary muscle were sectioned 
to cover most if not the entire I-band region and tilt data was acquired using a Philips 
CM200 EM.  Using a 1K by 1K CCD camera images were with a pixel size of 
0.64nm/pixel (x20,000 magnification).  The dual axis tomogram was generated using 
IMOD and is shown in figure 5.10.  A sub-volume from the tomogram was cropped 
using the IMOD newstack program and was visualised in Chimera with solid rendering 
as shown in figure 5.11. 
 
 
Figure 5.10.   A tomogram of a ~200nm thick section of rat papillary muscle I-band.   
(a) 12.8nm (b) 62.7nm (c) 111.2nm slices within the tomographic volume.    
 
 
Figure 5.11.  Solid rendered section from200nm thick section of rat papillary muscle I-
band tomogram showing (a) side view, (b) tilted side view and (c) from the front.  It 
can be seen from the data that the filaments are hard to follow throughout the 
tomogram with less density in the centre.  
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It was difficult to analyse the data as the thick section resulted in too much noise 
through increased electron scattering.  This made it almost impossible to distinguish 
between individual thin filaments as seen from the rendered data in figure 5.10. 
 
 
5.3.5 Serial Section Electron Tomography of Transverse Rat Papillary Muscle  
As thick sections give greater noise it was too difficult to trace the thin filaments 
through the tomogram.  For this reason serial section tomography of thin sections was 
undertaken.  One 50 to 100nm thick section of muscle on an EM grid only covers a 
small part of the I-band.  Hence multiple serial sections were cut and examined for 
corresponding regions.  Six serial sections were cut to approximately 100nm (some 
sections were thinner ranging from ~60 - 100) and transferred to formvar coated slot 
grids as shown in figure 5.12 followed by gold particle staining.  The sections were 
examined using the JEOL JEM 1200EX electron microscope to find suitable 
corresponding areas, ranging from the Z-disc to the A-band as shown in figure 5.13.  
Using the JEOL JEM1200EX EM, dual axis tilt data was collected for each section with a 
tilt range of ±60° with 2° increments.  Before generating the tomograms each tilt 
series was filtered using a low pass filter with a cutoff radius of 1.2 cycles/pixel and a 
sigma value of 0.05 cycles/pixel. This removed any high frequency information beyond 
the first Thon ring in the Fourier transform, smoothing and reducing noise in the data. 
 
 
Figure 5.12.   How the six serial sections of rat papillary muscle cut could give an entire 
transverse half I-band.  (a) Shows diagrammatically how the I-band can be split into six 
sections each corresponding as shown numerically to the sections on the grids shown 
in (b). 
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Figure 5.13.  Electron micrographs of the selected regions in the six serial sections 
regions picked to produce a tomogram of the I-band.  Sections from (a) the Z-disc 
running in order to (f) the A-band. 
 
Each tilt series was aligned using the gold particles and back-projected using the part 
of the IMOD package etomo.  The perpendicular pairs of tomograms were further 
combined to give 6 dual axis data sets.  Using the join tomogram function in etomo as 
described in the material and methods (chapter 2.3) the tomograms were carefully 
matched up to give an I-band region spanning from the Z-disc to the A-band, covering 
a region of approximately 300nm.  A region within each of the aligned tomograms is 
shown in figure 5.14. 
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Figure 5.14. Single slices from each of the dual axis serial tomograms.   Each 
tomogram joins respectively from (a) the Z-disc to (f) the A-band. 
 
To visualise the quality of the joins, the stacked tomogram was observed with 
projections from the three planes; XY, XZ and YZ as shown in figure 5.15. 
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Figure 5.15. The XY, XZ and YZ single slice projections of the serial tomogram of the I-
band.  From the XZ and YZ views the quality of the joins can be seen between each of 
the six tomograms.  The joins between tomograms are marked with yellow dotted 
lines. 
 
When viewing the composite tomogram as shown in figure 5.15, it can be seen from 
the filaments running through the volume and the membrane in the YZ view that the 
joins are good.  There is some loss of signal with distortions at the boundaries 
between the joined tomograms as appears in the small volume montage in figure 
5.16.  The volume was cropped from the full tomogram using the IMOD newstack 
module.  The distortion within the small volume at the joined regions did make some 
of the modelling shown in further results difficult.  
XY YZ 
XZ 
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Figure 5.16.  A montage of all the slices from the section excised from the composite 
serial I-band tomogram. 
 
A mask was created from the small volume of the tomogram shown in figure 5.17 with 
the software Amira.  This was done using the labelling tool to highlight the densities 
for each individual filament, with the XZ and YZ view used predominately as it was 
easier to trace the contours of the filaments than in the standard transverse view. 
CHAPTER 5 
 
146 
 
 
Figure 5.17.   A montage of each slice from the mask of the cropped I-band tomogram 
volume with the thin filament represented in white.  This was used as a template to 
trace the filaments from one end of the volume stack to the other. 
 
The mask was exported as MRC format into IMOD for modelling.  Each filament was 
traced slice by slice through the volume with the model generated shown in the 
figures 5.18. 
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Figure 5.18.  A 3-D model of the thin filaments that had been traced through the 
cropped serial tomogram.  (a) the square lattice Z-disc side, (b) the hexagonal a-band, 
(c) a tilted view (d) a side view.  For (c) and (d) the hexagonal A-band lattice in on the 
right hand side.   
 
Due to the model distortion caused by the joins between the tomogram and minor 
inaccuracies while tracking the filament trajectories, smoothing was applied to the 
model as shown in figure 5.19.   This was applied using the mtsmooth, an application 
originally designed for the IMOD package for smoothing microtubule models.  The 
number of points within the model to fit polynomials was set to 40 with the order set 
to one (straight line) and the minimum object length for fitting polynomials set to 25 
model points. 
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Figure 5.19.  The same model as shown in figure 5.18 but with smoothing applied.  (a) 
Is the square lattice Z-disc part of the model, (b) the hexagonal A-band side, (c) a tilted 
view (d) a side view.  The hexagonal A-band lattice is on the right hand side in figure 
(c) and (d).  The arrow in (d) is the position within the I-band where the thin filament 
lattice transition appears to occur.  See movie 5.6. 
 
 
It appears from this model that the thin filament lattice transformation from a square 
to a hexagonal lattice occurs near the centre of the I-band approximately 120nm from 
the Z-disc and the A/I band border (arrow in figure 5.19 (d)).  The direction and overall 
transition of each thin filament within the tomographic volume was examined and is 
shown in figure 5.20. 
 
 
A/I band 
border 
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Figure 5.20.  (a) An overlay of the Z-disc and A-band lattice from the I-band tomogram 
model, (b) the path the filaments take transcending from the Z-disc to the A-band. 
 
From examining figure 5.20 (b) it is evident that the majority of the thin filaments 
transform from a square to hexagonal lattice within the I-band along a path towards 
the bottom left within the model.  The distance for each thin filament shift in X and Y 
was calculated and is given (Figure 5.21).   
 
 
Figure 5.21.  The transitional shift for each thin filament in the model of the I-band 
from the tomography data.  
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The tendency for the preferred thin filament shift can be assumed to be a result of 
slight obliqueness within the tomogram.  This issue was addressed by calculating the 
average path and direction of the thin filaments.  The average distance in X was found 
to be -12.45 nm (15.481 pixels) and for Y -7.97 nm (10.145 pixels).  Though the 
following geometric calculations the model could be straightened;  
 
 
 
Figure 5.22.  The calculations required to remove the minor obliqueness found in the 
serial tomography model. 
 
We found if the model was rotated clockwise around its Z axis by 33.24° followed by a 
clockwise rotation around the Y axis by 2.9° the minor obliqueness was corrected.  The 
IMOD utility used for rotating the tomogram data was rotatevol and for the model 
imodtrans.  
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Figure 5.23.  The shift of the thin filaments from the Z-disc to the A-band lattice in the 
model generated from the serial tomography data.  (a) Before correcting for 
obliqueness and (b) after when the model had been straightened. 
 
After applying the correction there was reduced obliqueness in the model.   It can be 
observed as seen in figure 5.23 that a majority of the thin filaments transform from 
the Z-disc lattice to the A-band lattice over a similar distance similar to what is 
proposed in the Pringle model (Pringle, 1968).  This is also shown in the distributions 
in figure 5.24. 
 
 
Figure 5.24.  Distributions of the thin filament lattice transition distances measure 
from data in figure 5.23. 
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After correcting for obliqueness in the serial tomogram model, the distribution of thin 
filament transitions becomes narrower indicating more uniform distances.  The mean 
lattice transition distance before correction was found to be 72.77nm and after 
correction 42.84nm, this is shown in table 5.1. 
 
Table 5.1.  The mean lattice transition distance in rat papillary muscle (mean ± 
standard error) 
 No correction for obliqueness 
(nm) (n=65) 
Correction for obliqueness 
(nm) (n=60) 
Mean 72.77 ± 33.11 42.84 ± 25.14 
 
 
Taking just the top and bottom lattice from the model each individual filament 
transition can be studied as shown in figure 5.25.  Taking sets of six filaments for each 
hexagonal lattice unit the same six filaments can be traced back to the square lattice 
Z-disc.  The arrangement of each set of 6 square lattice filaments to make one 
hexagonal unit is shown in figure 5.25 (c). 
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Figure 5.25.  The arrangement of the thin filaments within the stacked tomogram of 
the I-band of rat papillary muscle.  (a) The square Z-disc lattice region and (b) the 
hexagonal A-band region of the tomogram.  The corresponding coloured circles 
between (a) and (b) represent the same thin filaments.  (c) The shape of the thin 
filament arrangements in the Z-disc that transcend into single hexagonal units in the 
A-band.  The numbers in (c) refer to the hexagonal units labelled in (b).  
 
There are irregularities with the conformation of the filaments on the square lattice 
side required to make a single hexagonal unit.  Looking at the proposed Pringle model 
the expected square lattice filaments required to make a single hexagonal unit should 
be in two rows of three in a rectangular shape in a vertical and horizontally array as 
shown in figure 5.26.  
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Figure 5.26.  A representation of the Pringle A/Z lattice overlay model with a square 
lattice unit consisting of six thin filaments transforming (a) as a horizontal array in blue 
and (b) as a vertical array in red to a single hexagonal unit.   
 
A comparison of the thin filaments required to generate a single hexagonal unit on the 
square lattice side, between the Pringle model and the tomographic data collected is 
shown in figure 5.27.  In figure 5.27 (b) the area shown in green is only part of the 
model which almost matches the Pringle model.  This is with the only slight difference 
of the arrangement of the horizontal and vertical units.  
 
Figure 5.27.  A comparison between the sets of six thin filaments in the Z-disc required 
to make a single hexagonal unit in the A-band for the (a) the Pringle model and (b) the 
model from the tomography data.  In (b) the green units represent the areas that 
match the Pringle model. 
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The thin filaments that matched the Pringle model were excised from the 3D model 
and are shown in figure 5.28. 
 
 
 
Figure 5.28.  Thin filament from the tomogram I-band model that match with the 
Pringle model.  (a) the square Z-disc, (b) the hexagonal A-band side, (c) tilt and (d) side 
view.  In (c) and (d) the Z-disc is on the left hand side and the A-band is on the right 
hand side.  See movie 5.7. 
  
Even though there appeared to be some errors in the tomogram model generated due 
to difficulties when tracking the thin filaments through the serial tomogram, within a 
region of the model the thin filaments did appear to transform as Pringle predicted.  
Further to this observation, the transformation from a square to hexagonal lattice 
appeared most prominent from the centre of the I-band and towards the A-band.  To 
help validate this observation the serial section tomographic data was input into a 
sub-tomographic averaging scheme. 
 
 
 
 
 
A Z A Z 
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5.3.6 Sub-tomographic Averaging of Transverse Rat Papillary Muscle  
Sub-tomographic averaging was performed using the IMOD software etomo utilising 
the PEET package on each of the tomograms used to make the serial I-band volume.  
The reference used for each averaging scheme is shown in figure 5.29.  The references 
were picked on the basis of the quality of the filament lattice, which needed to be 
clearly visible with no impeding stain artefacts.   This therefore means directly 
corresponding areas from each tomogram were not picked on this basis.  The 
individual averaged structures are shown in figure 5.30. 
 
 
Figure 5.29.  The centre slice of each of the tomograms used to make the transverse 
serial I-band tomogram, in order from (a) the Z-disc to (f) the A-band.  For each the red 
dot represents the region picked for the sub-tomographic averaging. 
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Figure 5.30. Tilted views of the averages volumes produced for each of the six serial 
tomograms of rat papillary muscle in order from (a) the Z-disc to (f) the A-band.   Each 
tomogram can be represented as a ratio, with the total number of particles input into 
the IMOD PEET software scheme at the start against the total used to generate the 
final average output respectively; (a) 124:55, (b) 102:90, (c) 97:80, (d) 105:90, (e) 
112:90 and (f) 166:130 
 
 
The averaged structures were joined together using the IMOD etomo package, using 
part of the program design for joining tomograms.  By comparing the orientations 
between the references picked within the tomograms as shown in figure 5.29 a rough 
alignment was performed manually.   This was followed by a refined auto alignment 
through a full linear correlation search before combining to give a single volume.  The 
combined average is given in figure 5.31 showing the thin filaments from the Z-disc 
through the I-band into edge of the A-band. 
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Figure 5.31.  The six averaged volumes combined to give an entire half I-band region.  
(a) the hexagonal A-band, (b) the square Z-disc side, (c) tilted and (d) a side view.  A 
thick filament is given in red and the thin filaments are given in blue.  
 
The filaments from the serial section average was traced using IMOD and the model 
generated is shown in figure 5.32. 
 
 
Figure 5.32.  (a) A model version made using IMOD of the serial section averaged data 
of rat papillary muscle.  (b) The shift of four thin filaments from a square Z-disc lattice 
to part of an A-band hexagonal lattice.  It can be seen the distance each filament 
transforms over is similar.  For (a) and (b) red represents the thick filament and blue 
the thin.  In (b) the hollow circles represent the thin filaments in the Z-disc and the 
filled circles the same filaments in the A-band.  
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The average tomographic data allows visualisation of the thin filament lattice 
transition in the I-band of rat papillary muscle at a higher resolution than in the serial 
section tomographic reconstruction.   Even though only a few thin filaments are visible 
within the averaged reconstruction, it is still possible to see the change from a square 
Z-disc to a hexagonal lattice in the A-band.  The four thin filaments that go through the 
entire reconstruction were found to transform from one lattice shape to another over 
similar distances.  The thin filaments appeared to spread out more when coming into 
close proximity with the thick filament. 
 
 
 
5.4 Discussion 
To examine the thin filament transition from a square lattice in the Z-disc to a 
hexagonal arrangement in the A-band, serial section electron microscopy and electron 
tomography was undertaken.  From the data acquired, several models were created of 
the thin filament lattice transition predominately within rat papillary muscle but also 
in plaice fin muscle I-band.  This allowed the visualisation of thin filament path 
through the I-band, giving insight into how the arrangement is able to shift from one 
lattice shape to the other.   From the tomographic data it appears the transition from 
one lattice shape to the other occurs near the centre of the I-band.   Some of the thin 
filaments appeared to transform over a similar distance following the same pattern as 
proposed by Pringle (1968).   
 
 
5.4.1 Serial Section Plaice Fin Muscle 
Plaice fin muscle I-band was studied using serial section electron microscopy as the 
image data had already been acquired previously by Dr Pradeep Luther leaving need 
for image alignment and modelling.  Currently it is unknown if the I-band thin filament 
lattice transition differs between muscle types.  We have made a comparison in this 
study between plaice fin muscle and rat papillary muscle to see if there are any 
obvious differences due to the different methods used to generate I-band models for 
each type of muscle.  
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The data aligned and modelled consisted of 19 images ranging from the edge of the Z-
disc to the M-line of plaice fin muscle (figures 5.1 and 5.2).  From this it was possible 
to see the filament lattice transformation within the I-band as shown in figures 5.3 
and 5.4.   The achievable resolution was determined by the section thickness, which 
was approximately 50nm.  We observed two main locations of lattice shift.  There 
appears to be some thin filament lattice transformation occurring near the Z-disc 
(figure 5.4).  This could be an artefact as the I-band images near the Z-disc were the 
hardest to align.  The second location of some lattice shift appeared near the centre of 
the I-band.  This appears to occur approximately 120nm from the A-I Junction in 
accord with previous observations by Traeger et al (1983) in rat soleus muscle at rest 
length.  They used similar methods with serial section electron microscopy to 
determine the thin filament transition within rat soleus muscle I-band.  Instead of 
aligning 60nm thick serial sections they used computer software to calculate the 
number of thin filaments within a small radius to pin point changes in thin filament 
arrangement.   They observed a change in lattice arrangement within 120nm of the A-I 
junction with the muscle at rest length.  By examining stretched muscle they 
concluded that the N2 titin region which is approximately 120nm from the A-I junction 
to be responsible for the change in thin filament lattice arrangement and not the thick 
filaments. 
 
We used the model to investigate the effect of axial movement of the thick filaments 
towards the Z-disc.  The thick filaments in the serial section model of fish fin were 
moved towards the Z-disc through the I-band to simulate muscle contraction to see at 
which point the thick filaments would interfere with the thin filaments.  It was found 
that the thick filament could move fairly close to the Z-disc before obstruction 
occurred (~60nm away from the edge of the Z-disc).  For further contraction minor 
remodelling of the thin filaments arrangement would be required in the I-band. 
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5.4.2 Longitudinal Rat Papillary Tomograms 
Longitudinally orientated muscle specimens were used to generate electron 
tomograms as shown in figures 5.7, 5.8 and 5.9.  The muscle types used were rat 
papillary and plaice fin muscle.  The tomograms were generated so that the entire I-
band could be visualised unlike the situation when using a transverse specimen.  The 
aim was to resolve the thin filament transition by tracing the individual filament 
trajectories throughout the entire I-band.   
 
The thin filaments in the I-band appeared wavy within the tomograms generated.  This 
made it difficult to determine the transition of the thin filaments, preventing 
development of a representative lattice model.  The probable causes of the filament 
distortion were knife compression during sectioning and specimen shrinkage within 
the electron microscope.  To overcome the shrinkage problem, the A-band and Z-disc 
lattice arrangements within the tomograms could have been used to determine a 
correction stretch factor in the depth.  Unfortunately, it was difficult to resolve the 
lattice arrangements at the A-band and Z-disc portions of the sarcomeres.  This was 
due to the sections being cut to approximately 100nm to allow for good visibility 
within the electron microscope but with the compromise of fewer filament layers 
therefore giving small lattice widths.    As the papillary muscle was prepared in a 
relaxed state, it was possible that the thin filaments were more susceptible to 
distortion due to the low passive tension.  To investigate this, a rigor plaice fin muscle 
preparation was used as shown in figure 5.9 (this muscle was used as it had already 
been prepared for electron microscopy and was used only to test this hypothesis), 
indicating that  distortion of the thin filaments was still present.    
 
 
5.4.3 Thick Transverse Tomograms of the I-band 
To improve the overall visualisation of the I-band lattice with the hindrance of 
shrinkage and distortion reduced, transverse specimens were examined using electron 
tomography.  As the compression and distortion occurs in the direction of the thin 
filaments, the effect becomes less of an issue than with longitudinal sections, and has 
little effect on the filament lattice. 
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Dual axis tomograms of rat papillary muscle I-band were generated (one shown in 
figures 5.10 and 5.11) with a section thickness of approximately 200nm.  Using this 
approach it was anticipationed that the entire or most of the I-band could be 
visualised within the 3D data.  It is known that as the section thickness increases the 
number of multiple electron scattering events also increases resulting in more noise.  
This becomes a particular problem at high tilt angles as at 70° the beam has to 
penetrate a distance almost three times the section thickness.  Using a high kV 
electron microscope reduces the amount of multiple electron scattering but at the 
price of reduced contrast.  We used the high voltage Philips CM200 (200 kV) to collect 
our data.  Unfortunately, even with the high voltage there was too much noise and 
too little signal especially near the centre of the tomograms to be able to trace the 
thin filaments throughout.  This was inadequate for the visualisation of the thin 
filament lattice transformation therefore serial section tomography was undertaken. 
 
 
5.4.4 Serial Section Electron Tomography of Rat Papillary Muscle 
To achieve a high resolution 3D image of the I-band, tomograms of corresponding 
regions on serial sections were acquired (figure 5.12 and 5.13).  These were joined to 
generate a serial tomogram of the I-band from the Z-disc to the edge of the A-band as 
shown in figure 5.14 and 5.15.   This allowed the visualisation of the entire thin 
filament transition at a much higher resolution than has been achievable previously 
through serial section electron microscopy.    When modelling the thin filaments 
within the joined tomographic volume some of the thin filaments were difficult to 
trace through as some became faint or disappeared.  This occurred around the join 
regions due to some distortion at the edges of the tomograms.   It was also seen 
within other areas probably due to inadequate stain or damage to some of the thin 
filament.  Most filaments, within a cropped volume of the composite tomogram were 
traced throughout from the edge of the A-band to the Z-disc as shown in figures 5.18 
and 5.19.   
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When examining the path of the thin filaments in the serial tomogram model, it was 
apparent that there was slight obliqueness.  Using geometric calculations, the model 
was rotated around its Z- and Y-axis to straighten it.  Examining the data with the 
correction applied, most of the thin filaments were observed to transform over a 
similar distance from the Z-disc to the A-band.  This coincides with the predictions by  
Pringle (1968) lateral displacement of the thin filaments through the I-band to be 
10.4nm.  The average thin filament transition distance we found after correcting for 
obliqueness was higher at 42.84 ± 25.14 nm.   
 
It was found that some regions of the model generated did not give consistent thin 
filament lattice transition patterns as shown in figure 5.25.  It has been determined 
that a consistent transition pattern must be required to allow efficient muscle 
contraction and large sarcomere widths (Pringle, 1968).  Irregular transition patterns 
would give ineffective muscle contraction, by almost certainly blocking the path of 
some thick filaments.   The irregular thin filament transition pattern was therefore 
concluded to be due to modelling error.  This was put down to some of the filaments 
being hard to trace owing to them becoming faint or vanishing when coming in close 
proximity with other thin filaments and at the join boundary between tomograms.  A 
region within the model (shown in figure 5.27) was found to have a consistent pattern 
similar to that proposed by Pringle (1968).   This we propose to be a correct portion of 
the model as it has the required repeated transition pattern and fits with the required 
criteria stated by Pringle.  
 
When examining the model of the I-band created from the tomographic volume 
shown in figure 5.28 the transition from a square lattice to a hexagonal lattice 
appeared to occur gradually but becoming more pronounced from the centre of the I-
band towards the A-band.  The distance measured from the Z-disc to the region where 
the thin filament lattice transformation becomes most prominent was approximately 
120nm.   This was similar to what was noticed in the plaice fin muscle serial section.  
Unlike the plaice fin serial section results there did not appear to be much lattice shift 
near the Z-disc.  This could be due to artefacts near the Z-disc when using the serial 
section method as image alignment becomes more difficult around this region.   It also 
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could be due to the different Z-disc lattices types, as the plaice fin muscle exhibits a 
basketweave lattice whereas the rat papillary muscle exhibits a small square lattice. 
 
During sarcomere development as the thin filaments initiate from the Z-disc in a 
square lattice and extend across to the A-band, there has to be a system allowing for 
the path within the I-band as well as in the Z-disc.  Obviously if the thin filaments could 
extend freely they would not terminate in the correct positions to form a continuous 
hexagonal array.  Nebulin has been shown to assist in controlling the length of thin 
filaments but could also help direct the filaments through the I-band as well.  This 
would probably require other Z-disc/I-band associated molecules such as titin.  As 
there is evidence that titin interacts with thin filaments well as in the Z-disc, it could 
act as a scaffold during sarcomere development assisting in positioning many of the 
sarcomeric components and securing the thin filament lattice shapes.  One of the 
known thin filament interaction sites is the N2 region of titin (Yamasaki et al., 2001) 
and this has been observed from our results and by Traeger et al (1983) to be the 
region where the main thin filament lattice shift occurs.   
 
 
5.4.5 A Possible Issue with Serial Sectioning 
A common technique to study the 3D structure of biological complexes is serial 
section electron microscopy.  It has been used in the study of golgi (Yelinek et al., 
2009), dendritic spines (Arellano et al., 2007) and synapses (Katz et al., 2009).  In these 
studies and others, there is a good fit of structure from one section to the next.  To 
date it has not been documented whether a fine layer of material is lost between 
cutting each section.  The problem of imperfect joins between sections is due to 
variable shearing distortion which is reduced after correction for the distortion.  Major 
loss of material could hamper continuity between sections.  For the serial sections 
used here, we do not observe any effects due to loss of material between the serial 
sections.  
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5.4.6 Sub-tomographic Averaging 
Sub-tomographic averaging was performed on all six of the serial section tomograms 
to produce a refined higher resolution reconstruction of the thin filament arrays.  Each 
sub-tomogram consisted of between four to six thin filaments (as seen in figure 5.30) 
thereby covering a very small region within the I-band.  Each volume was joined to 
give a reconstruction from the Z-disc to the edge of the A-band.  Through averaging, 
noise was reduced, with contrast and resolution enhanced giving an accurate 
improved resolution volume of a single Z-disc lattice unit transforming into a 
hexagonal array in the A-band.  Owing to the enhancements, the data can be clearly 
visualised using surfacing rendering over modelling, as shown in figures 5.31 and 5.32.  
As with the observations with the joined serial tomograms, the averaged data 
indicated more shift between thin filament lattice arrangements near the A-band.  The 
filaments appear to bend more as they come in close proximity to the thick filament.  
This indicates that the thick filaments have some influence on the thin filament lattice 
transition.  It could also give a further explanation for how the lattice transition is able 
to develop within the sarcomere.  As the thin filament polymerises and extends from 
the Z-disc through the I-band they are most likely guided by associated sarcomeric 
components. When they come into close contact with the thick filaments they are 
pushed into a position to give a hexagonal array.  This could be either through 
electrostatic or physical interaction.   
 
Within the averaged joined tomographic volume, there were almost six entire thin 
filaments visible.  Out of these six thin filaments only four went through the entire 
tomographic volume. As shown in figure 5.32 (b), these appeared to transform from a 
square to a hexagonal lattice over uniform distances comparable to the Pringle thin 
filament lattice transformation model (Pringle, 1968).   
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5.4.7 Titin in the I-band 
When examining the serial tomographic reconstruction of the I-band it was not 
possible to identify titin.  One reason for this is likely to be due to the diameter of titin 
which is ~40Å, lying below the expected electron tomography resolution of ~50-100Å 
(McEwen and Marko, 2001; Tskhovrebova and Trinick, 1997).  It is therefore unlikely 
that the titin filament can be fully resolvable.  However some parts of titin may be 
visible as occasional blobs or short strands within the tomographic volume.  These 
short strands may arise from close proximity of adjacent titins.  It is also not known 
how close the titin filaments are to the thin filaments in the I-band and therefore in 
the tomograms they may appear concealed if they are merged with the thin filaments.  
It is known at the PEVK region of titin and in the Z-disc there is interaction between 
titin and the thin filaments so it is certain that at these regions there is close proximity 
between the two filaments (Kontrogianni-Konstantopoulos et al., 2009; Linke et al., 
1997; 2002; Nagy et al., 2004). 
 
At the A band border the thick filaments were sometimes observed terminating as a 
pointed structure (data not shown).  This has been seen in previous studies and is 
referred to as the end-filaments (Funatsu et al., 1993; Trinick, 1981).  These end-
filaments may comprise six titin molecules as suggested by Liversage et al (2001).  We 
were able to see the thick filaments forming a point at the edge of the A-band, similar 
to what has been observed with end filaments but we were unable to visualise any 
titin filaments emerging from the end-filaments. 
 
 
5.4.8 Further Work 
It would be interesting to undertake similar serial section tomography and if required 
sub-tomographic averaging of contracted and stretched muscle to see if the thin 
filament lattice transition appears the same as in resting muscle.   As the change in 
lattice arrangement has been shown to occur near the I-band N2 region (this work and 
(Traeger et al., 1983) in muscle at rest, it would be interesting to see it still occurs at 
the same point when the muscle is contracted or stretched.  This would provide 
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evidence for the role of the thick filaments in the control of the thin filament lattice 
arrangement.   
 
To study the other potential molecular components assisting in the shift of the thin 
filament lattice arrangement, muscle with specific mutations could be examined.  
Muscle with a titin mutation in the N2 region affecting actin interaction would be an 
interesting specimen, if the mutation was non-lethal.  This could be studied in a 
relaxed and contracted muscle states to find if the thin filament lattice transformation 
occurs at the same point as found in wild-type muscle. 
A similar approach could be taken to compare thin filaments in the I-band of cardiac 
and skeletal muscle to see if there are any notable differences in the thin filament 
transition.  Muscle exhibiting a basketweave Z-disc could be compared with the same 
muscle exhibiting a small square Z-disc.  As it is known the distances between thin 
filaments are greater within the basketweave Z-disc it could affect the thin filament 
transformation (Schroeter et al., 1991). 
 
CHAPTER 6 
 
168 
 
 
 
CHAPTER 6. MEASUREMENT OF THIN FILAMENT 
LENGTHS IN CARDIAC COMPARED WITH SKELETAL 
MUSCLE 
 
 
 
 
6.1. Introduction 
One of the apparent differences between vertebrate cardiac and skeletal muscle is the 
thin filament length, which is variable in the former and constant in the latter muscle 
(Robinson and Winegrad, 1977).  This difference is thought to result from different F-
actin filament polymerisation strategies (Littlefield and Fowler, 2008).   During 
polymerisation the main protein involved in regulation of thin filament lengths is 
nebulin (described in detail in chapter 1.1.6).  Cardiac muscle has a smaller nebulin 
isoform, nebulette, which may lead to less rigid control of F-actin polymerisation and 
thus variable thin filament lengths. 
 
Robinson and Winegrad (1979) have previously assessed the extent of thin filament 
length variation in cardiac muscle in standard thin section electron micrographs 
(Robinson and Winegrad, 1979).  Measurement were made from the Z-disc to the M-
line using transverse serial sections.  Unfortunately, this approach has a limited 
resolution, which depends on the thickness of the sections used, which in their case 
was ~100nm.  This makes the determination of the thin filament end points precise to 
a resolution of only ~100nm.  Using the technique of electron tomography, the 
precision can be improved greatly as the resolution is about 7-10 nm in plastic sections 
and this allows accurate tracking and measurements of filaments.  
 
The work presented in this chapyer applied electron tomography to collect precise 
measurements of the thin filament lengths in cardiac and skeletal muscle.   The plan 
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was to make comparisons between the two types of striated muscle thin filament 
lengths and to compare with previous measurements made in other similar studies 
(Littlefield and Fowler, 2002; Robinson and Winegrad, 1977; Robinson and Winegrad, 
1979).   This should allow clear validation of the effectiveness of electron tomography 
as a tool to model and measure filaments with the potential to give the most precise 
thin filament lengths.  It may also shed light on the different thin filament length 
control mechanisms existing in each muscle type.  The results from this study have 
recently been published (Burgoyne et al., 2008). 
 
 
6.2. Methods 
6.2.1. Sample Preparation and Tomography 
Thin filament lengths were studied in the following samples; (i) frog Sartorius 
(skeletal), (ii) rat papillary muscle (cardiac), (iii) mouse papillary muscle MyBP-C 
knockout (cardiac).  All the samples were prepared conventionally by chemical 
fixation, dehydration and embedding in araldite and were stained with uranyl acetate 
and lead citrate as described in chapter 2.  Dual axis tomograms were generated using 
tilt data collected on the JEOL JEM 1200EX EM and the Philips CM200 EM apart from 
the mouse (C57/B6) cardiac MyBP-C knockout.  Data for this sample was collected on 
a Philips CM300 FEG by Pradeep Luther at Florida State University. 
 
 
6.2.2. Calibration of Magnification: Calculation of the Tomogram Pixel Size and 
Examination of the Length of the Sarcomere 
The pixel sizes for the longitudinally oriented tomograms were determined in either of 
two ways.  For the first method the tomograms were rotated so that the M-line was 
entirely vertical and a profile plotted in ImageJ for the central slice.  If detectable the 
myosin crossbridge repeat of 43nm was visible as peaks in the plot and these were 
used to calculate the pixel sizes.  If not clear, the alternative method was to take a low 
magnification picture of the entire sarcomere. This extra image was rotated so that 
the M-line ran vertically and the filaments horizontally.  The number of pixels for each 
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half of the A-band was measured using the profile plot option in Imagej.  Using the 
measured size for the width of the A-band, 1.63μm (Granzier et al., 1991; Sosa et al., 
1994) the low magnification pixel sizes were calculated.  For each tomogram 
produced, the Fourier transform was taken for the central slice and from the points 
given in Fourier space, the tomograms were rotated using IMOD’s rotatevol so that 
the M-line was vertical.  By comparing the Fourier transforms of the low magnification 
sarcomere and the central slice of the tomogram the magnification factor was derived.   
When applying this factor to the low magnification pixel size, the pixel size for the 
tomogram was given.  For both methods, after determining the pixel size for the 
tomograms, the low magnification images were required to find the length of the 
entire sarcomeres examined.   This was done by plotting the profile of the entire 
sarcomeres in ImageJ with all the images rotated so that the M-lines were vertical.  
From this graph the distance between the centres of the peak given by the Z-disc on 
either side of the sarcomere were measured in pixels.  This combined with the low 
magnification pixel size calculated earlier gave the length of the sarcomeres in nm. 
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Figure 6.1.  A scheme for calculating the tomographic pixel size.  First the pixel size of a 
low magnification image of the entire sarcomere as shown in (a) was calculated by 
plotting a density profile in imagej of the boxed region of the A-band as given in (b).  
From this the pixel size was calculated as the A-band is known to have a length of 
1.58μm.  By comparing the Fourier transforms of the low magnification image in (c) 
and the tomographic image in (e) points visualised representing the differences in 
distance between filaments were used to calculate the magnification factor to give the 
pixel size for the tomographic image shown in (d). 
 
 
 
6.2.3. Modelling and Calculating Thin Filament Lengths 
Models were made for each tomogram by tracing the thin and thick filaments in the 
slicer mode in IMOD.  Using the coordinates for each of the thin filament end points, 
the distances from the centre of M-line determined from a profile plot in ImageJ were 
measured.  These distances were deducted from the calculated size of half a 
sarcomere to give the total thin filament lengths.     
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6.3 Results 
6.3.1 Skeletal Muscle Thin Filament Lengths 
The  frog (Rana pipiens) sartorius  muscle was examined and dual axis tilt data 
collected on the JEOL 1200 EX electron microscope using the standard methods.  EM 
Images of the selected region are shown in figure 6.2 and the tomogram and the 
filament model generation are shown in figures 6.3. 
 
 
Figure 6.2.  EM pictures of the frog sartorius muscle area used for tomography data 
collection. (a) The entire sarcomere and (b) at a high magnification focused on the M-
line region. 
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Figure 6.3.  Electron tomography data of a Frog sartorius muscle M-line region.   (a) a 
slice at the centre of the tomogram, (b) model overlaid and (c) the 3-D model of the 
thick (red) and thin filaments (multicoloured).  See movie 6.1. 
 
The thin filament measurements are summarised in table 6.1.  The mean filament 
length was found to be 0.94 μm with a standard deviation of 0.014 μm. 
 
 
6.3.2 Cardiac Muscle Thin Filament Lengths 
Two rat (Sprague – Dawley) papillary muscle samples were studied and tomography 
data was collected on the JEOL 1200 EX electron microscope using the standard 
methods.  Tomograms generated of rat papillary muscle are shown in figures 6.4 and 
6.5. 
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Figure 6.4.  First tomogram of the M-line region of rat papillary muscle.  (a) a slice at 
the centre of the tomogram, (b) model overlaid and (c) the 3-D model of the thick (red) 
and thin filaments (multicoloured).  See movie 6.2. 
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Figure 6.5.  Second tomogram and model of the M-line region of rat papillary muscle. 
(a) the central slice of tomogram, (b) model overlaid and (c) the 3-D model of the thick 
(red) and thin filaments (multicoloured).  See movie 6.3. 
 
The mean thin filament length measured from the two tomograms was found to be 
1.04 μm with a standard deviation of 0.03 μm. 
 
The mouse (C57/B5) cardiac MyBP-C knockout tilt data was collected on a Philips 
CM300 FEG electron microscope by Pradeep Luther at Florida State University.  
Images were recorded at × 20,000 magnification on a Teitz TemCam-F224HD 2K CCD 
camera.  
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Figure 6.6.  Tomography data for M-line region of myosin binding protein-C (MyBP-C) 
knockout mouse cardiac muscle.  (a) Central slice from tomogram and (b) filament 
model overlaid. (c) The 3-D filament model with the thick filaments in red and the thin 
filament in varying colours.  See movie 6.4. 
 
The mean thin filament length measured from the tomogram myosin binding     
protein-C (MyBP-C) knockout mouse cardiac was 1.03 μm with a standard deviation of 
0.03 μm. 
 
 
6.3.3 Comparison of Cardiac Thin Filament Lengths to Skeletal Thin Filament Lengths 
From the measurements of the thin filaments within the tomograms the distributions 
determined and were plotted as shown in figure 6.7 and a summary of the thin 
filament lengths shown in Table 6.1. 
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Figure 6.7.  The distribution of filament lengths measured from the tomogram models.  
(a) rat cardiac, (b) mouse cardiac and (c) frog skeletal. 
 
Table 6.1 Summary of thin filament lengths 
Type of muscle Filament range (µm) Filament length (µm) 
Rat cardiac papillary 0.92 - 1.10 1.04 ± 0.03 (131 filaments) 
Mouse cardiac papillary 0.94 - 1.08 1.03 ± 0.03 (103 filaments) 
Frog skeletal Sartorius 0.90 - 0.97 0.94 ± 0.014 (73 filaments) 
 
 
 
6.3.4 Problems in Measurement of Thin Filament Length from Tomograms 
The thin filaments were not measured for some of the data collected as the samples 
used appeared to have inadequate preservation.  These included mouse cardiac and 
soleus muscle with the tomograms and models shown in figure 6.8 and 6.9 
respectively.  The tomograms revealed excessive obliquity of the thin filaments such 
that only part of the filaments were visible as in figure 6.8 (d).  This with the additional 
problem of distortion in the M-lines, especially for the soleus muscle, would have 
made thin filament measurements difficult. 
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The mouse cardiac tilt data was collected on the Philips CM200 with a tilt range from 
+65° to -60° with 2° increments.  A 4K Teitz CCD camera was used with a 1K setting.  
The magnification used was 20000× and the autofocus used was set to a defocus of -
6000nm.   
 
 
Figure 6.8.  Mouse cardiac M-line tomogram data. (a) A slice from the centre of the 
tomogram, (b) the filament model overlaid over the tomogram slice, (c) filament 
model and (d) top view of the model.  For (c) and (d) the thick filaments are 
represented in red and the thin in multiple colours.  The arrows in (d) show filaments 
running out of the plane of the section, leaving only small parts of the filaments as 
seen.  See movie 6.5. 
 
 
The mouse cardiac model used for measurements in section 6.3.2 was a myosin 
binding protein-C knockout.  It would have been more appropriate to have used 
measurements from a wild-type mouse (figure 6.8) as planned had it not been for the 
preparation artefacts.   As there is no evidence that the myosin binding protein-C has 
any affect on F-actin polymerisation it is assumed that the knockout will have thin 
filament lengths similar to a wild-type. 
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The mouse soleus tomogram data was collected on a JEOL 1200EX EM using the 
standard protocol as given in the general methods and materials.  
 
Figure 6.9.  Tomogram and filament model data for mouse soleus M-line.  (a) A slice 
from the centre of the tomogram, (b) model overlaid and (c) 3-D model of the thick 
filaments in red and the thin in varying colours.  See movie 6.6. 
 
 
It would have been preferable to take skeletal muscle measurement from the same 
animal.  Therefore mouse soleus muscle would have made a better skeletal muscle 
model than the frog sartorius when comparing thin filaments lengths with that of 
mouse and rat cardiac muscle.  As the mouse soleus exhibited the same specimen 
preparation artefacts as the mouse cardiac sample it was inadequate for thin filament 
measurements and frog sartorius muscle was used instead.  Previous research 
comparing thin filament lengths between species has shown that thin filaments in fast 
muscle from different species have approximately the same lengths (Littlefield and 
Fowler, 2002; Sosa et al., 1994).   
 
 
CHAPTER 6 
 
180 
 
6.4. Discussion 
To examine the extent of thin filament length variability in cardiac muscle and to 
compare this with the stable lengths found in skeletal muscle, electron tomography 
was used.  The 3-D volumes generated for the different muscle types allow enhanced 
visualisation of the thin filaments with a full perspective throughout the centre of the 
sarcomeres.  These permitted precise measurements at a higher resolution than had 
previously been achieved in thin filament measurement studies.   
 
 
6.4.1. Thin filaments Measurements from Tomographic Data 
As expected, the thin filament lengths for the frog sartorius muscle were found to be 
conserved with a mean length of 0.94 µm and a standard deviation of only 0.01 µm.  
The results confirm previous observations of a highly regulated control of thin filament 
length in skeletal muscle.  These include work using distribution deconvolution 
analysis of fluorescence images of chicken pectoralis major (Littlefield and Fowler, 
2002), and by Sosa el al (1994) on rabbit psoas, with the following measurements 
respectively: 1.003 ± 0.015 µm; 1.11 ± 0.03 µm.   Additional measurements from a 
fast-frozen/freeze substituted frog sartorius sample gave 0.99 ± 0.01 µm.  This data is 
not shown due to the different preparation method as a direct comparison could not 
be drawn with the majority of the data.   Even so as this length is very similar to the 
thin lengths observed in other skeletal muscle (Littlefield and Fowler, 2002; Sosa et al., 
1994) it indicates that frog sartorius muscle makes a good skeletal model even though 
it is of a different species to rat and mouse from which cardiac muscle was studied. 
 
It has now been shown through numerous studies that the giant protein nebulin is 
responsible for maintaining thin filament lengths (Littlefield and Fowler, 2008).  It is 
believed by extending over the entire length of thin filaments it is able to terminate F-
actin polymerisation by recruiting tropomodulin to the thin filament pointed ends 
(Fischer and Fowler, 2003).   As cardiac muscle has a very low concentration of nebulin 
(Kazmierski et al., 2003), with the alternative shorter nebulette isoform (~150 nm in 
length) (Moncman and Wang, 1995), a difference in thin filament length is predicted.  
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Previous work has observed variable thin filaments lengths in cardiac muscle in a 
similar manner to the measurements we recorded.  Robinson and Winegrad (Robinson 
and Winegrad, 1977; Robinson and Winegrad, 1979) recorded that measurements of 
thin filaments had a precision dictated by the section thickness of ~100nm.  Our 
results for rat papillary muscle were 0.92-1.1 µm, which were similar to their findings 
of 0.9-1.1 µm.  
 
The mean lengths of the thin filaments measured in rat and mouse cardiac papillary 
muscle were found to be very similar at 1.04 µm and 1.03 µm respectively.  Both had a 
standard deviation of 0.03 µm indicating as expected that the thin filament lengths are 
very similar between the rat and mouse cardiac papillary muscle.   Even though 
cardiac muscle has more variable thin filament lengths compared to skeletal muscle it 
is still notable that in the length distributions that there are distinct peaks as shown in 
figure 6.7, indicating the existence of a mechanism for thin filament length control.  
The small amounts of nebulin found in cardiac muscle indicate a different length 
control mechanism to that in skeletal muscle (Littlefield and Fowler, 2008).  It is 
possible that in cardiac muscle the nebulin filaments detach and are associated with 
multiple thin filaments (Horowits, 2006). 
 
6.4.2. The Extent of Thin Filament Length Variability in Skeletal Muscle 
It is likely that the thin filament lengths are precisely defined in skeletal muscle but 
our measurements show a small variability.  This is probably due to the various 
processing steps for electron microscopy sample preparation.  Our measurements 
from frog sartorius muscle gave a variability of 70nm (filament length range 900 – 
970nm).  As every extra G-actin molecule polymerised to the thin filament gives an 
extra length of ~2.75nm then our data indicates a length variability up to 25 G-actin 
molecules (Egelman et al., 1982).  Frog sartorius muscle was also prepared by fast 
freezing but this data is not shown as the other specimens were prepared using the 
conventional fixation method.  The fast-freezing preparation technique is believed to 
give better preservation of samples and gave slightly larger thin filament lengths in 
frog sartorius muscle (980 – 1000nm).  This indicates a much smaller length range of 
20nm which would correspond to ~7 G-actin molecules.  Each tropomyosin is known 
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to span 7 actin molecules (McLachlan and Stewart, 1976; McLachlan et al., 1975; 
Parry, 1975) so therefore our results indicate that the thin filament length could be 
variable in skeletal muscle by up to one tropomyosin molecule. 
 
6.4.3. Further Work 
To further validate the observed differences between skeletal and cardiac muscle thin 
filament lengths, skeletal muscle from rat or mouse should be examined.  This would 
likely give very similar results to the frog skeletal muscle but would make a more 
controlled comparison.  To enhance the accuracy of the thin filament measurements, 
improved sample preparation techniques should be used.  The data is not shown but 
using fast frozen frog sartorius muscle slightly longer thin filaments were observed 
with a mean of 0.99 ± 0.01 µm compared to the conventionally fixed samples with a 
length of 0.94 ± 0.01 µm.  This coincides with numerous observations made from 
electron microscopy studies, where alternative preservation techniques have given 
better sample quality.  This was particular noticeable in cellular membrane studies, 
where fast freezing/freeze substitution preparation methods have preserved 
structures otherwise lost by conventional electron microscopy processing (McDonald 
and Auer, 2006; Owen et al., 2008).  One of the preferred method for fixation of 
biological tissue is high pressure freezing as it avoids the use of any harsh fixatives 
(Costello, 2006; Studer et al., 2008).  There are a number of issues that would need to 
be overcome when using this preparation technique for electron tomography 
including, cutting and freezing artefacts and low electron beam tolerance (Studer et 
al., 2008).  If these potential problems were addressed, this method would preserve 
the thin filaments in a state more closely resembling the native tissue. 
 
Another hypothesis concerning the length of the thin filaments was proposed by 
Robinson and Winegrad (1979).  They found the range of thin filament lengths to be 
much greater for atrial muscle at 0.6-1.1 µm than for papillary muscle (0.9-1.1 µm our 
data from papillary muscle 0.92-1.1 µm) (Robinson and Winegrad, 1977; 1979).  From 
this they concluded that thin filaments must overlap at the M-line.  From all the 
tomographic data collected there were only occasional filaments observed going into 
the M-line region.  This is another possible application for tomography as it would 
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allow a better examination of  atrial muscle, as it allows individual thin filaments to be 
resolved therefore eliminating any possible ambiguity around the M-line. 
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CHAPTER 7. RESEARCH SUMMARY 
 
 
 
 
The primary focus of this study was to investigate the arrangement of the thin 
filaments within the Z-disc and I-band.  As muscle contraction occurs between highly 
organised arrays of the thick and thin filaments, it is important to understand the 
lattice arrangement of the thin filaments.  From the work carried out in this thesis 
using electron microscopy coupled with tomographic reconstruction, it has been 
possible to illuminate a number of aspects of the thin filament organisation but a 
number of issues remain for future work.   
 
The lattice angle of the internal Z-disc was found to be different between that of rat 
papillary and midshipman fish sonic muscle.  The basket weave Z-disc of the Atlantic 
midshipman fish sonic muscle had an almost square (88.5°) arrangement of its thin 
filaments whereas the small square lattice of rat papillary muscle had a rhomboid 
lattice with an internal angle of ~83°.  The rat papillary Z-disc lattice was therefore 
similar to the model Pringle (1968) proposed.  The physiological difference between 
the two muscle types could either be a result of the different lattice arrangements 
(small square vs. basket weave) or may be due to the specialised role of the Atlantic 
midshipman sonic muscle.  To find out which is likely to be correct future work would 
need to study a single type of muscle with both a small square and a basket weave Z-
disc.  
 
Averaged tomograms of rat papillary small square Z-disc and midshipman fish sonic 
muscle basket weave Z-disc were generated.  These allowed direct visualisation of the 
Z-links (α-actinin) cross-linking thin filaments in the Z-disc.  From reconstruction of the 
rat papillary muscle Z-links were seen cross-linking thin filaments of the same polarity 
at the edges of the Z-disc.  This would most likely assist in positioning and orientating 
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thin filaments within the same sarcomere and this would be beneficial in muscle 
development.  Near the centre of the Z-disc, thin filaments of opposite polarity 
appeared to be cross-linked.  This fits with previous observations and predictions, 
where these connections secure the overlapping thin filaments to tightly join 
neighbouring sarcomeres.  We observed three Z-link layers in the centre of the Z-disc 
bridging thin filaments of opposing polarity.  In addition we observed two Z-link layers, 
on each side of the Z-disc cross-linking thin filaments of the same polarity.  The 
averaged reconstruction that was generated for the Atlantic midshipman basket 
weave Z-disc was of only one layer of Z-links.  Z-links were clearly seen within the 
reconstruction cross-linking thin filaments of opposing polarity.  It was difficult from 
these results to determine or even propose a model for the transformation between a 
small square and a basket weave lattice.  With more layers of Z-links in the basket 
weave reconstruction it may have been easier to devise an explanation for the lattice 
shift.  It would also be more beneficial in future experiments to use the same type of 
muscle with small square and induced basket weave lattice. 
 
Reconstructions and models of the plaice fin and rat papillary muscle I-band were 
generated using serial section EM and serial tomography.  Serial section EM proved to 
be the poorer method as it gave a lower resolution that was set by the thickness of 
the sections used.  Serial tomography gave a much more detailed and realistic 
reconstruction of the I-band but due to noise and some distortion it was difficult to 
track thin filaments accurately.  Even with some obvious errors in the modelling, a 
portion of the thin filaments were observed transforming from a (pseudo) square Z-
disc to a hexagonal A-band lattice as Pringle (1968) predicted.  From the models 
generated it appeared that the lattice transition was more obvious towards the A-
band, starting near the centre of the I-band. 
 
Electron tomography allowed accurate measurements of the thin filament lengths in 
cardiac and skeletal muscle.  Using this technique had benefits over previous 
measurements of thin filaments as the pointed ends could be precisely detected in the 
3-D tomographic reconstruction.  As with previous studies skeletal muscle had a much 
narrower distribution of thin filament lengths in comparison with cardiac muscle.  This 
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has been predicted to correlate with the smaller nebulin isoform nebulette found in 
cardiac muscle.  This is consistent with what has been suggested in previous work by 
Littlefield et al (2008) based on experimental evidence indicating that 
nebulin/nebulette assists in controlling the minimum thin filament length. 
 
Finally, much of the data collected during this project especially that used for the sub-
tomographic averaging of the Z-disc and serial tomography could have been enhanced 
if it could have been acquired using a high powered FEG EM with an energy filter.  
Most modern electron tomography setups use an energy filter as they can 
substantially reduce noise by removing inelastically scattered electrons.  Potentially 
this could have given clearer and more detailed reconstructions of the Z-disc and 
allowed for improved tracking of thin filaments within the serial tomogram of the rat 
papillary muscle I-band. 
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APPENDIX 
 
 
 
Some experiments were either unsuccessful or due to time limitations were not 
completed.  Details of these experiments are given below.  
 
A.1 The Removal of Thin Filaments using Gelsolin 
In an attempt to visualise the I-band region without thin filaments, rat cardiac 
myocytes were treated with gelsolin.  It was hoped this would remove most if not all 
the thin filaments so that electron tomography could be undertaken to visualise any 
other molecular densities present in the I-band such as titin.  Unfortunately the quality 
of the sample appeared poor after treatment and fixation and therefore no further 
work was pursued.   
 
Rat cardiac myocytes were prepared and picked up from Peter O’Gara (Medical 
Science Officer, National Heart and Lung Institute, South Kensington, UK).  The cells 
were washed with relaxing solution ((40 mM imidazole, 10 mM ethylene glcol-bis(β-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 6.4nm Mg-acetate, 5.9 mM 
NaATP, 5 NaN3, 80 mM K-propionate, 10 mM creatine phosphate, 1 mM dithiothreitol 
(DTT; pH 7.0 at 2O”C), 0.2 mM leupeptin, 0.02 mM E-64, 2 mM phenylmethylsulfonyl 
fluoride (PMSF), and 2 mM diisopropyl fluorophosphate (DIFP)) (Trombitas and 
Granzier, 1997), followed by skinning with Triton X-100 in relaxing solution.  Using a 
Cytospin (holder apparatus shown in figure A.1) at 2000rpm for 2mins the cells were 
attached to a glass cover slip and washed for one hour in gelsolin/relaxing solution 
(gelsolin 0.3mg/ml).   
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Figure A.1.  The components required to setup a curvette for the cytospin.   The cells 
pass through the cuvette and the hole in the filter paper onto the coverslip. 
 
The gelsolin was washed off with relaxing solution and conventional fixation with 
glutaldehyde and osmium tetroxide was carried out as described in the Methods 
section.  With the sample fixed in araldite blocks, ~100nm sections were cut for EM.  
Some of images from the specimen are shown below in figure A.2. 
 
 
Figure A.2.  Gelsolin treated rat cardiac myocytes.  The I-band region is less dense 
compared to untreated muscle with the Z-disc appearing thicker through aggregation 
of the thin filaments. 
4. Filter paper 5. Cuvette 1. Holder Clip 3. Coverslip 2. Slide 
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A.2 Antibody Labelling of the Titin Molecule 
In an attempt to isolate specific regions of titin primarily to be used in conjunction 
with electron tomography, antibody labelling was undertaken.  The quality of the 
muscle after treatment and fixation was adequate but no antibody labelling was 
observed. 
 
Through cervical dislocation a rat was duly terminated and the heart removed into 
Krebs/BDM solution.  An incision was made though the heart wall into the right 
ventricle, and using a plastic pipette Krebs/BDM solution was washed through the 
hole to remove any excess blood.  After leaving the heart for 30mins in oxygenated 
Krebs/BDM solution a section of the right ventricle heart wall was excised and put into 
fresh solution.  Using a ... the section was homogenised giving small groups and single 
myocytes.   These were suspended in PBS before incubating in 4% paraformaldehyde 
in PBS solution for 10 mins.  The cells were washed twice in PBS before skinning in 
0.2% Triton X-100 in PBS for 5 min.  Following a further two washes in PBS a Cytospin 
was used to attach the cells to coverslips by centrifugation at 2000rpm for 2mins.  The 
cells were washed twice in 0.1% BSA in PBS solution for 5 mins each time.   The 
following antibodies received from Wolfgang Linke (Physiology and Biophysics Unit, 
University of Muenster, Germany) were added each to a separate coverslip of cells 
and also as mixtures; T75 (Ig49), T61 (Ig28/29), T53 (novex1), T73 (I39) and I20/22 (old 
nomenclature I84-86).  The cells with antibody were left overnight in a cold room.  The 
next day the cells were washed twice with PBS solution and the secondary antibody 
(anti-rabbit) added for two hours.  The cells were washed with twice with PBS before 
following a conventional fixation protocol as described in the Methods section.  When 
observing the muscle in the electron microscope no bound antibodies were detected.  
Images of the muscle are shown in figure A.3. 
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Figure A.3.  Rat heart tissue with titin antibodies applied.  (a) A single cardiac 
myocytes as visualised using an inverted microscope.  The obvious striations indicate 
good quality muscle with little or no degradation.  (b) An EM image of the muscle with 
no visible titin bound antibodies seen. 
 
 
A.3 The Treatment of Cardiac Myocytes with Tannic Acid Prior to Fixation 
Using the same sample preparation methods as described above for antibody labelling 
of titin, cardiac myocytes were treated with 0.2% tannic acid in PBS for 30mins before 
fixation.  Using a similar method, Bennett et al (1997) found that this enhanced the 
visualisation of the end filaments (the region at the end of the thick filament) 
exaggerating the size of the filaments in EM.  If this was observed, the plan was to 
visualise the end filaments using electron tomography.  Due to difficulty in visualising 
end filaments and due to the impending time limitation of nearing the end of the PhD 
tomography was not used. 
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Figure A.4.  Rat heart tissue treated with tannic acid before conventional fixing.   
 
 
A.4 A Small Square Z-disc Induced in Atlantic Midshipman Fish Sonic Muscle  
The lattice was modified from a basket weave by Professor Michael Reedy (Duke 
University Medical Center, Durham, USA).  This specimen was used with the aim of 
comparing the two transverse Z-disc lattice types directly in the same muscle type.  
After scanning over a grid carefully using the JEOL 1200EX EM a suitable region was 
picked for tomography.  Unfortunately, the sample exhibited some obvious 
disarrangement within the Z-disc, which would most likely be associated with the 
preparation of the sample. A tilt series for each axis was collected at × 15,000 
magnification (0.79nm /pixel).  From the dual axis tomogram two averaged z-disc 
structures were produced first in figure A.6 from 52 particles out of 68 and the 
following from 190 out of 210 as shown in figure A.7. 
 
 
Figure A.5.  (a) Electron micrograph image of midshipman sonic muscle exhibiting a 
small square z-disc.  (b) The central tomogram slice from the tomogram produced. 
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Figure A.6.  (a) Front, (b) tilted, (c) side and (d) bottom view of an averaged volume of 
the small square Z-disc exhibited in midshipman sonic muscle.   
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Figure A.7.  Second average volume of midshipman sonic muscle with a small square z-
disc.  The different views shown are (a) front, (b) tilted, (c) side and (d) bottom. 
